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A variety of pathologies impair human gait by reducing the ability to control the lower 
limbs, which causes the need for gait-assistive devices. The increase in interest and the 
advances in wearable-robot technologies have given rise to exoskeletons for locomotion 
assistance and gait rehabilitation, or strength and endurance augmentation. Recently, 
a whole new generation of soft exoskeletons has emerged that addresses technological 
and usability challenges of traditional exoskeletons. The growing use of soft wearable 
robotics among vulnerable user populations is increasing the need to determine user-
centred design standards and ergonomics aspects of the physical contact between soft 
exoskeletons and humans.
Excessive mechanical loading of tissues can cause discomfort and pressure-related 
soft tissue injuries. The risk for tissue damage depends on the nature of mechanical 
loading and the nature of the soft tissues affected. Existing approaches to assessing 
potential risks to tissue viability were reviewed, with the focus on pressure-related 
pain perception (Reviews 1 and 2) and deep tissue oxygenation (Review 3).
The relationship between circumferential compression magnitude, duration, frequency, 
anatomical and mechanical properties of compressed tissues, muscle oxygenation, and 
discomfort/pain perception was investigated experimentally at the lower limb using a 
computerised cuff inflation system with pneumatic cuffs to simulate soft exoskeletons 
(Studies 1-3). During compression, discomfort was continuously rated on an electronic 
Visual Analogue Scale, and deep tissue oxygenation was continuously monitored using 
Near-infrared spectroscopy. Assessments were performed at different assessment sites 
in static (standing) and dynamic (walking) conditions. Compression was best tolerated at 
the calf, using narrower cuffs and intermittent inflation pattern. Pressures that caused 
discomfort and pain were lower during walking than standing still. Intermittent cuff 
inflation caused an increase in muscle oxygenation. Finally, the relationship between 
pneumatic cuff inflation pressure and interface pressure was established for different 
assessment sites and cuff widths (Study 4). Using regression equations, interface pressures 
can be predicted for specific assessment sites and cuff widths.
This thesis has contributed to informing user-centred design and ergonomics evaluation 
of soft exoskeletons, specifically in relation to contact pressure. On the basis of these 
findings, further research can now be performed involving vulnerable groups, such as 
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Chapter 1. Introduction
Recent developments in the field of soft robotics technology have given rise to a new 
type of wearable robot for gait-assistance, the “soft exoskeleton”. The emergence of 
soft exoskeletons brought about a need for a wide body of new knowledge to improve 
the user interaction and safety, especially regarding mechanical loading of tissues at 
the physical human-robot interface.
1.1. Safety regulation and user-centred design of wearable robots
Depending on the field of their use, exoskeletons can be generally classified as either 
industrial, medical or personal care robots. Personal care robots are designed to improve 
the users’ quality of life, but do not contribute to the industrial creation of value like 
industrial robots (regulated by ISO 8373), and are not used to diagnose, prevent, monitor 
or treat diseases or disabilities like medical robots (regulated by IEC 80601-2-78:2019) 
(Jacobs and Virk 2014). However, they are all in close interaction and direct physical contact 
with humans, so there is a strong need in all three domains for guidelines regarding safe 
thresholds for mechanical loading of the users’ body and/or valid testing approaches 
to establish them. While medical applications allow for a cost/benefit analysis due to 
professional supervision during use, and due to the users’ underlying medical condition 
(i.e. higher tolerance for discomfort-inducing loading due to the benefits of rehabilitation), 
industrial and personal care applications require a reduction of discomfort and an increase 
in safety to the largest possible extent.
 
The international standard ISO 13482 was published in 2014 to address the safety 
requirements for personal care robots, especially mobile servant robots, person carrier 
robots and physical assistant robots (including exoskeletons) (Jacobs and Virk 2014). ISO 
13482 details the significant hazards that should be avoided by the manufacturer, including 
hazards due to robot shape; due to stress, posture and usage; due to robot motion; and 
due to contact with moving components (‘International Standard ISO 13482: Robots and 
robotic devices — Safety requirements for personal care robots’ 2014). In a later study, 
He et al. (2017) reviewed the reported adverse events due to lower-limb exoskeleton use, 
such as ReWalk™, Indego™ and Ekso™ that have been approved by FDA and classified as 
class II medical devices with special controls. They found injury to skin and soft tissues 
(e.g. bruising, skin abrasions, local pain and skin irritation) to be the most frequent type of 
injury reported, although usually dismissed as minor issues (He et al. 2017). 
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The type and extent of possible risks associated with powered exoskeletons are yet to be 
understood, safety limits and guidance for mechanical loading of the wearers’ soft tissues 
at the physical contact with exoskeletons still need to be established, and the means of 
assessing and testing those limits need to be developed and integrated into industry 
standards (He et al. 2017).
1.2. The XoSoft project
The research described in this thesis was performed as part of the XoSoft project, 
funded by the European Union's Horizon 2020 framework programme for research 
and innovation under grant agreement No. 688175. The project aimed to develop a soft 
modular biomimetic lower limb wearable robot/exoskeleton to improve gait of people 
with reduced mobility. The primary users were patients after stroke, patients after 
incomplete spinal-cord injury and older age adults, all requiring low to moderate levels 
of assistance with mobility.
1.3. Thesis structure
This thesis investigates effects of circumferential compression, as exerted by soft 
exoskeletons, on the soft tissues of the lower limb. The structure of the thesis is outlined 
as follows.
In Chapter 2, literature is reviewed and summarised, addressing the evolution 
and technological state of the art of lower limb exoskeletons, the issue of excessive 
mechanical loading of soft tissues as applied by gait-assistive devices, normal and 
abnormal patterns of human gait, and potential techniques for assessment of 
mechanical loading of deeper layers of soft tissues. The chapter is concluded by stating 
research questions arising from the literature review.
In Chapters 3 and 4, pressure algometry studies on healthy participants and patients 
with chronic pain are systematically reviewed, and the applicability of pressure-
induced pain thresholds to lower limb soft exoskeleton design is discussed.
In Chapter 5, a methodological review is presented of non-invasive muscle 
oxygenation measurements by Near-infrared Spectroscopy during vascular occlusion 
by circumferential compression at the limb. Application of this technique to deep tissue 
oxygenation changes during soft exoskeleton use is also discussed.
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In Chapter 6, the technical challenges in the development of the experimental device 
for circumferential compression simulation are described, and the final design that 
was used in the experimental studies.
Chapters 7 and 8 report on experimental studies performed to investigate the influence 
of circumferential compression on discomfort, pain and deep tissue oxygenation. 
Different types of mechanical loading were applied by pneumatic cuffs at the thigh 
and calf during standing (Study 1) and walking (Study 2) to simulate potential pressures 
applied by soft exoskeletons at the lower limb.
Chapter 9 reports on an experimental study performed to investigate the influence 
of circumferential compression on discomfort and pain at the knee. Compression by a 
pneumatic cuff was used to simulate tonic and intermittent joint stabilisation by soft 
exoskeletons during standing, and joint stabilisation during the stance phase of the 
gait cycle.
In Chapter 10, an experimental study is presented, aimed at establishing a means 
to predict interface pressures from inflation pressures under pneumatic cuffs. The 
connection between the obtained discomfort- and pain-detection thresholds expressed 
as cuff inflation pressures, and the commonly measured pressures at the human-
exoskeleton interface, is intended to aid user-centred soft-exoskeleton design.
Chapter 11 summarises the key findings of the experimental studies and their 
application to soft-exoskeleton design. The undertaken methodological approaches are 
discussed and recommendations for future research provided.
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Chapter 2. Literature review
2.1. Exoskeletons for ambulation assistance
A variety of pathologies impair human gait by reducing the ability to control the lower 
limbs, which gives rise to the need for gait-assistive devices. Lower limb exoskeletons 
are a rather novel field of research and development focusing on wearable robots to 
assist with walking. The growing use of exoskeletons, especially among individuals with 
various neurological conditions, is increasing the importance for user-centred design 
and ergonomics considerations, ethics in robotics, and the need to ensure user safety.
2.1.1. Gait-assistive device evolution
Gait-assistive devices have been researched since the early 20th century with the 
introduction of passive orthoses for gait compensation. Passive orthoses are rigid 
mechanical structures that lock or limit joint movement during gait, for example Ankle-
Foot Orthosis (AFO), Knee-AFO (KAFO), and Hip-KAFO (HKAFO) (Del-Ama et al. 2012). 
The traditional KAFO was developed in the 1950s to assist ambulatory management 
after poliomyelitis epidemics (Del-Ama et al. 2012). Rigid orthoses allow swing-through 
mobility with the use of walkers or crutches, but the mobility is aesthetically poor and 
requires high metabolic energy expenditure (Del-Ama et al. 2012). 
In an effort to improve ambulation and energy consumption, dynamic orthoses were 
developed, such as the Reciprocating Gait Orthosis (RGO) by Wally Motloch in 1967 
(Pokora 2004). RGO is a trunk-HKFO that couples hip flexion with contralateral hip 
extension while keeping the knee and ankle fixed (Gerritsma-Bleeker et al. 1997; 
Del-Ama et al. 2012). It is essentially a simple and light “unpowered lower extremity 
rehabilitation robot” (Chen et al. 2015), but problems with slow walking and high energy 
cost lead to discontinuation of its use (Fatone 2006).
The need to enable ambulation, even to those with nearly complete loss of motor ability, led 
to the development of active orthoses, capable of adding and controlling power at the joints 
(Del-Ama et al. 2012). The first active orthosis was invented by George L. Cobb in 1935 (Cobb 
1935), followed by the first controllable hydraulically actuated hip-knee orthosis by Pietro 
Filippi in 1942 (Pietro 1942), and the first orthosis that actuated movement at the hip, knee 
and ankle in the sagittal plane by Miomir Vukobratovic et al. in 1974 (Vukobratovic et al. 1974).
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Research in powered gait-assistive devices escalated in the late 1960s in the USA and 
former Yugoslavia (Dollar and Herr 2008), when wearable robots for physical assistance 
were developed, dubbed “exoskeletons”. Exoskeletons were designed for locomotion 
assistance and gait rehabilitation of physically challenged individuals in the medical 
field, or augmentation of the abilities of able-bodied individuals for military and 
industrial purposes (Dollar and Herr 2008; Baldovino and Jamisola Jr 2011; Singla et 
al. 2019). The first modular exoskeleton was developed by Pierre Rabishong in 1975 
(Rabishong et al. 1975), and the first commercially available exoskeleton, HAL-5 in 
2012 (Sankai 2010). Recent years have brought an important turning point towards 
soft exoskeletons, possibly starting with the Soft Exosuit by the Wyss Institute in 
2013 (Asbeck et al. 2013). A selection of exoskeletons mentioned most frequently in the 
literature are listed in Table 1, arranged in chronological order.
Table 1: Chronological overview of active exoskeleton development.
Year Device Developer
1966 Hardiman General Electric, Fairfield, Connecticut, USA
1993 HAL-1 (Hybrid Assistive Limb 1)
Tsukuba University and Cyberdyne Inc., 
Tsukuba, Japan
1994 Powered Suit for Assisting Nurse Labor
Kanagawa Institute of Technology, 
Kanagawa, Japan
2000 HAL-3 (Hybrid Assistive Limb 3)





2004 BLEEX (Berkeley Lower Extremity Exoskeleton)
University of California, 
Berkeley, California, USA
2006 Lopes (Lower-Extremity Powered Exoskeleton)
Department of Biomechanical Engineering, 
University of Twente, 
Enschede, The Netherlands
2007 ALEX (Active Leg Exoskeleton)
Department of Mechanical Engineering, 
University of Delaware, Newark, Delaware USA
2008 HAL-5 (Hybrid Assistive Limb 5)
Tsukuba University and Cyberdyne Inc., 
Tsukuba, Japan









2010 Indego (Vanderbilt Exoskeleton)
Center for Intelligent Mechatronics, Vanderbilt 
University, Nashville, Tennessee, USA
2010 XOS-2




Centre for Automation and Robotics, 
Madrid, Spain
2011 Mina
Florida Institute for Human and Machine 
Cognition (IHMC), Pensacola, Florida, USA
2011 ReWalk
Amit Goffe Yokneam, Israel ReWalk Robotics, 
Marlborough, Massachusetts, USA
2013 Soft Exosuit
Wyss Institute for Biologically Inspired 









Zurich University of Applied Sciences, 
Zürich, Switzerland
2016 Phoenix
SuitX and University of California,
Berkeley, California, USA
To date, not many exoskeletons have been approved by the Food and Drug Administration 
(FDA). It defines a powered exoskeleton as “a prescription device that is composed of an 
external, powered, motorised orthosis used for medical purposes that is placed over a 
person’s paralysed or weakened limbs for the purpose of providing ambulation” (Food 
and Drug Administration 2015). The first FDA-approved exoskeleton was ReWalk by 
Amit Goffe (2011). The first FDA-approved exoskeleton for use with stroke was Ekso 
GT by Ekso Bionics (2015), and the commercial version of Indego by Michael Goldfarb, 
released in 2015 was FDA-approved in 2016 (Gardner et al.).
Due to the growing use of wearable robots and advances in technology, researchers 
acknowledge an urgent need to determine safety and ergonomics standards for the 
users’ physical contact with exoskeletons, taking into account different types and body 
sites of contact, static and dynamical forces, and the users' physical and psychological 
characteristics ('International Standard ISO 13482: Robots and robotic devices — Safety 
requirements for personal care robots' 2014; Jacobs and Virk 2014).
2.1.2. Exoskeleton technology: state of the art
2.1.2.1. Mechanical structure
The international standard ISO 13482 defines exoskeletons as wearable robots, intended 
to physically support a human and manipulate body parts through direct interaction 
and fixtures, e.g. straps or clamps ('International Standard ISO 13482: Robots and 
robotic devices — Safety requirements for personal care robots' 2014). Traditional 
exoskeletons are hard and impart torque assistance to the joints while also supporting 
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the body and transmitting loads to the ground. They typically consist of rigid segments, 
composed of materials such as carbon fibre, aluminium and steel (Li et al. 2015) and are 
connected by articulated joints (Claude et al. 2012). The number of joints, their Degrees 
of Freedom (DoF), and ranges of motion, depend on what tasks the exoskeleton is 
designed for (Claude et al. 2012). In exoskeletons that mimic the human body, three DoF 
are typically found at the hip (i.e. flexion/extension, adduction/abduction and internal/
external rotation), one at the knee (i.e. flexion/extension), and three at the ankle (i.e. 
inversion/eversion, dorsiflexion/plantar flexion and adduction/abduction) (Li et al. 
2015). To compensate for misalignments of the human and robot joints, flexible straps 
are often used at the contact with the wearers’ body (Claude et al. 2012).
Weight, space limitation, and cost-effectiveness influence the mechanical structure of 
exoskeletons (Chen et al. 2016). To minimise overall weight, heavy components, for 
example actuators and power supply units, are sometimes displaced from the wearable 
frame to the environment (Claude et al. 2012). Moreover, some exoskeletons consist of 
modules (e.g. torso, hip joint, knee joint, ankle joint module), and can be assembled or 
disassembled for donning and doffing (Chen et al. 2016), or for adjusting to the type 
of assistance needed. As hard exoskeletons tend to be bulky and heavy, and restrict 
the wearer’s natural gait (Asbeck et al. 2014), recent developments have been directed 
towards low-profile, low-weight robotic devices composed of textiles and similar 
soft materials, referred to as soft exoskeletons or exosuits (Asbeck et al. 2014). These 
typically apply circumferential pressures over larger areas of limbs.
The physical interactions between the user and hard or soft exoskeleton are quite different. 
Hard exoskeletons mostly affect weight-bearing sites, which are usually relatively small 
surface areas, whereas soft exoskeletons do not ordinarily provide an external standing 
support to the body, but rather rely on the wearer’s own bone structures to sustain all the 
naturally occurring compressive forces (Asbeck et al. 2015). Soft exoskeletons typically 
interface with larger surface areas including around limbs. They do not restrict natural 
gait, but can prevent joint movement in abnormal gait patterns where joint stability is 
impaired due to neuro-muscular deficits. One approach to joint stabilisation is by means 
of circumferential compression as seen in inflatable and vacuum splints. However, most 
soft exoskeletons to date are designed to apply tensile forces across joints to actuate 
movement, which causes non-circumferential compression affecting primarily the tissues 
under the actuated side of the connection cuff. Similarly, the lower limb tissues are also 
loaded under the connection cuffs of hard exoskeletons, such as Hocoma Lokomat (De 
Rossi et al. 2010). Some examples of load cases are presented in Section 2.4.3., Table 7.
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The application of lower limb exoskeletons also influences their mechanical structure 
(Claude et al. 2012). For example, gait-rehabilitation exoskeletons can be stationary in 
combination with a treadmill and a body weight support system (Claude et al. 2012), 
whereas locomotion-assistance exoskeletons are worn by the user in their entirety and 
are usually used with a pair of crutches (Chen et al. 2016).
2.1.2.2. Actuation
Actuators are devices that promote movement. In exoskeletons, it is important for 
the actuator to be compact and lightweight, but at the same time powerful enough to 
drive the body’s movement (Li et al. 2015). Other important characteristics include low 
inertia, fast response, high precision and safety (Li et al. 2015).
Actuators used for lower limb exoskeletons can generally be classified as active or passive. 
Active actuators are driven by an additional power supply and are more appropriate for 
actuation of those joints where the overall power is positive (e.g., hip during walking), 
whereas movement at those joints where the overall power is negative (e.g. knee during 
walking) can be controlled using passive actuators; however, ascending stairs, squatting 
and jumping demands that the knee joint be actively actuated as well (Li et al. 2015). 
Active actuators can be further classified according to the type of driving mechanisms 
into hydraulic, pneumatic and electric actuators (Li et al. 2015). The advantages and 
disadvantages of different types of actuators are presented in Table 2.
Table 2: Advantages and disadvantages of different types of exoskeleton actuators.
Actuator type Means of torque 
generation
Advantages Disadvantages




Leaking of hydraulic oil












Need for pressurised air
Electrical Electric motor High efficiency
High control precision
Power-to-weight ratio
Small output torque – need 





No power supply required
Portable
Small output torque
(Claude et al. 2012; Li et al. 2015; Chen et al. 2016)
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2.1.2.3. Control systems
Exoskeletons are often equipped with computers and various sensors for control 
(Chen et al. 2016). The main sources of information for control of exoskeletons are 
biomechanical, electromyographic (EMG), peripheral and central nervous system 
signals (Jiménez-Fabián and Verlinden 2012). The sensors can be mounted on the 
exoskeleton, the user’s body or remotely, e.g. on the treadmill or additional aids (Li et 
al. 2015). Examples of sensors used with exoskeletons are listed in Table 3.
Table 3: Examples of sensors used with exoskeletons, their placement and function.
Sensor type Placement Detection
Angle sensors Encoder Hip Knee Ankle Joint moving angle
Angular acceleration 
sensor
Thigh Shank Joint angle Joint angular 




Thigh Shank Joint force Joint angular 
velocity Joint orientation
Gyroscope Spine Inclination of torso




Ground reaction force 
Interface pressure




EEG sensor Scalp Brain electrical activity
(Li et al. 2015)
2.1.3. Summary of section 2.1.
Exoskeletons are wearable robots, intended to physically support a human and 
manipulate body parts through direct interaction and fixtures. Their use for strength 
augmentation, gait rehabilitation and locomotion assistance has been increasing since 
the 1960s. Traditional exoskeletons are composed of rigid materials, impart torque 
assistance to the joints, support the body and transmit loads to the ground. However, 
the need to increase their usability and the advances in soft robotics technology resulted 
in a recent surge in interest in soft exoskeletons. Soft exoskeletons are composed of 
soft materials, apply tensile forces across joints and do not ordinarily provide external 
standing support to the body. Hard exoskeletons interface with small, weight-bearing 
surfaces of the user’s body, whereas soft exoskeletons interface with larger surface areas 
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including around limbs, where they apply circumferential pressures. The growing use of 
soft exoskeletons is increasing the need to develop specialised ergonomics knowledge 
for their design to ensure they provide high levels of comfort and safety.
2.2. Mechanical loading of tissues at the lower limb
2.2.1. Stress and strain
An external mechanical load comprises all types of forces applied to the skin at the 
contact with a support surface (Oomens et al. 2010). In general, these forces cause three 
different types of stress that tends to deform the tissue: (1) compressive stress results from 
purely normal forces (pressure), (2) parallel (tangential) shear stress results from parallel 
forces in opposing directions (frictional forces), and (3) pinch shear stress results from 
normal forces of different magnitudes (pressure gradient) (Taylor 2014). The stresses are 
typically maximised at bony prominences, where shear stresses also occur even when 
only pressure is applied (Oomens et al. 2010; Orsted et al. 2010; Taylor 2014).
The overall mechanical load causes soft tissues to deform and change shape, depending 
on their original shape and mechanical properties, most importantly mechanical 
stiffness (Oomens et al. 2010). Excessive mechanical loading can cause local tissue injury, 
such as blisters, haematomas and necrosis of the skin (Rudolph et al. 1990; Olivecrona 
et al. 2006), nerve lesions (Horlocker et al. 2006) and muscular and vascular damage 
(Sinicina et al. 2007). Excessive or prolonged compression results in tissue deformation 
and locally disturbed perfusion (Rudolph et al. 1990; Nercessian et al. 2005; Olivecrona 
et al. 2006). Occlusion of blood vessels causes local ischemia and anoxia (Mak et al. 2010; 
Orsted et al. 2010; Taylor 2014), and further damage can be caused by reperfusion injury 
due to the post-occlusion hyperaemic response (Mak et al. 2010). Moreover, cell damage 
may be caused by the occlusion of the lymph system and resultant accumulation of 
toxic metabolites (Mak et al. 2010; Taylor 2014). Finally, high pressure can also cause 
tissue necrosis by directly deforming and rupturing the loaded cells (Mak et al. 2010; 
Orsted et al. 2010). 
The amount of deformation caused by stress is quantified as strain (Orsted et al. 2010). 
Compression strain is the distortion induced by pressure, and shear strain by shear 
stresses (Taylor 2014). Internal deformation of tissues is not homogeneous in nature 
due to the complex geometry of bones and tissue layers, and the diverse mechanical 
properties of tissues (Linder-Ganz et al. 2007; Oomens et al. 2010). Thus, efforts are 
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being made to develop damage thresholds for strain that could be applied to different 
loading conditions and at different body sites (Oomens et al. 2010).
2.2.2. Soft tissue injury
2.2.2.1. Pressure ulcers
Pressure Ulcers (PUs) are defined as “areas of localised damage to the skin and 
underlying tissue caused by pressure, shear, friction and/or a combination of these” 
(Ankrom et al. 2005; Black 2005). They are particularly common in individuals who are 
bedridden, wheelchair bound, wear a prosthesis or orthosis, or suffer from a medical 
condition that causes peripheral neuropathy, e.g. diabetes mellitus (Bouten et al. 2003; 
Mak et al. 2010). With the increased interest in exoskeletons for gait assistance in 
vulnerable groups of users, the need for research into exoskeleton-specific mechanical 
loading of soft tissues has emerged.
PUs can occur superficially (friction ulcers) or in deep tissues (pressure-related Deep 
Tissue Injuries - DTIs), both due to prolonged excessive epidermal loading (Bouten et 
al. 2003; Mak et al. 2010). The superficial type is predominantly caused by shear stresses 
within the skin, and presents with easily detectable maceration and detachment of 
superficial skin layers (Dinsdale 1974; Reuler and Cooney 1981; Bouten et al. 2003). With 
progression, damage affects deeper layers of soft tissue. Conversely, DTIs are mainly 
caused by sustained compression of the deep muscle layers over bony prominences 
(Bouten et al. 2003). They cause extensive ulceration and necrosis in the deeper layers 
of soft tissue and progress toward the surface, thus the initial pathologic changes are 
difficult to identify and can be potentially life threatening (Bouten et al. 2003; Agam 
and Gefen 2007; Linder-Ganz and Gefen 2007).
2.2.2.2. Pressure ulcers: risk factors
Two types of factors influence the risk of developing PUs: external factors (i.e. the 
nature of mechanical loading) and internal factors (i.e. tissue tolerance for mechanical 
loading) (Guttmann 1976). The pathophysiologic mechanisms of soft tissue breakdown 
are not completely understood. Theories indicate localised ischemia (Bouten et al. 2003; 
Stekelenburg et al. 2008; Reenalda et al. 2009), impaired lymphatic drainage (Bouten 
et al. 2003; Reenalda et al. 2009), elevation of local lactic acid levels (Stekelenburg et 
al. 2008) reperfusion injury and sustained deformation of cells (Bouten et al. 2003; 
Agam and Gefen 2007; Stekelenburg et al. 2008; Reenalda et al. 2009). Other potentially 
important internal factors include malnutrition, age, certain physical conditions, 
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medication, dehydration, circulatory disturbances and immobility (Lewis 1978; 
Stekelenburg et al. 2008). Moreover, injury thresholds differ for skin, adipose and 
muscle tissue with the lowest threshold for muscle (Agam and Gefen 2007), possibly 
due to the dense capillary vasculature susceptible to occlusion by mechanical forces 
(Breuls et al. 2003; Gefen et al. 2005a; Linder-Ganz et al. 2006). Among the external 
risk factors, pressure magnitude, direction, distribution and duration, as well as shear, 
loading cycle frequency, temperature and humidity have been recognised (Guttmann 
1976; Bader 1990; Mak et al. 2001).
2.2.2.3. Loading magnitude and duration: the load/time risk curve
With the combination of loading magnitude and duration identified as an important 
factor for tissue damage (Reswick and Rogers 1976; Sacks 1989), researchers developed 
a function for predicting load/time risk for deep tissue injury. Stekelenburg et al. (2007) 
and Peeters et al. (2005) found that both sustained deformation and short exposures 
to high mechanical loads can induce irreversible tissue damage, indicating a finite 
tolerance of living tissues for mechanical loading (Peeters et al. 2005; Stekelenburg 
et al. 2007). Linder-Ganz et al. (2006) proposed a sigmoid pressure-time function that 
defines a failure strength for muscle tissue at short loading durations, and the load 
levels that the tissue can bear without damage over long periods (Peeters et al. 2005; 
Linder-Ganz et al. 2006; Stekelenburg et al. 2007). Amit Gefen (2008) identified the 
steepest decrease in endurance of the cells to deformations between one and three 
hours after the beginning of loading. The load/time risk curve is presented in Figure 1. 
However, the absolute values for loading apply to direct deformation of muscle tissue 













































Failure strength of muscle
Intolerable levels
Tolerable levels
82 6 93 7 10
Figure 1: Risk curve for prediction of soft tissue damage depending on loading magnitude and time 
(Gefen 2008).
13
2.2.3. Summary of section 2.2.
Excessive or prolonged compression of soft tissues is associated with the development of 
pressure-related deep tissue injury that can be potentially life threatening. The nature 
of mechanical loading and the tolerance of the affected tissue for mechanical loading 
are key factors that determine whether injury will occur. To prevent pressure-related 
soft tissue injury, a load/time risk curve has been proposed (Peeters et al. 2005; Linder-
Ganz et al. 2006; Stekelenburg et al. 2007; Gefen 2008). However, injury thresholds 
differ for different tissues and types of mechanical loading. Thus, the applicability of 
the risk curve to loading as applied by soft exoskeletons is questionable, and there is a 
need to develop a more appropriate tool for risk assessment.
2.3. Human gait
2.3.1. Phases of the gait cycle
The term gait is used to describe the repetitive pattern of lower limb movements that 
enables the locomotion of legged animals. A gait cycle is defined as “the period of time 
between any two identical events in the walking cycle”, usually the initial contact of 
the foot with the ground (Ayyappa 1997), and is thus defined for a single leg. Each gait 
cycle consists of approximately 60 % stance phase when the foot is in contact with the 
ground, and 40 % of swing phase when the foot is in the air. At the beginning and the 
end of stance phase (10 % each), both feet are in contact with the ground (Chae 2016), 
which is also referred to as “double support”.
According to Perry and Burnfield (1992), the gait cycle comprises of eight sub-phases: the 
initial contact (heel strike), loading response (transfer of the body weight to the foot), 
mid-stance (alignment of the weight over the supporting foot) and terminal stance 
during the stance phase; and the pre-swing, initial swing (shift of the body weight to 
the contralateral foot), mid-swing and late swing during the swing phase. The phases 




























STANCE PHASE SWING PHASE
Figure 2: Phases and sub-phases of a normal human gait cycle (Perry and Burnfield 1992).
2.3.2. Joint movement and muscle activity during the gait cycle
2.3.2.1. Stance phase
At heel strike, the hip is flexed and internally rotated, the knee is slightly flexed or extended, 
and the ankle is at 90° with the foot supinated (Myers 1995). The hip extensors contract to 
decelerate the thigh, knee extensors and flexors activate to stabilise the knee, and ankle 
dorsiflexors begin to contract eccentrically to prevent the foot from slapping on the floor 
(Boakes and Rab 2006). During the loading response, the hip moves from a flexed and 
externally rotated position into extension, the knee flexes and begins to move forward 
over the fixed foot, and the ankle is in plantar flexion with the foot pronated (Myers 1995). 
The hip abductors, knee extensors and plantar flexors are activated to accept the weight, 
stabilise the pelvis and decelerate the body (Boakes and Rab 2006). At mid-stance, the hip 
is fully extended and maximally loaded (Myers 1995). The knee and ankle are stabilised 
(Boakes and Rab 2006). In terminal stance, the plantar flexors are activated to accelerate 
the body, and the ankle moves into plantar flexion, so that only the big toe is in contact 
with the floor. The knee is extended, and just before toe off, the hip flexors concentrically 
contract to prepare for the swing of the limb (Myers 1995; Boakes and Rab 2006).
2.3.2.2. Swing phase
At pre-swing the hip is extended, the knee moves into flexion, and the ankle is in plantar 
flexion (Myers 1995). During the initial swing, the hip moves into flexion and the knee into 
extension. The ankle is in neutral position or slight dorsiflexion (Myers 1995). The hip flexors 
and ankle dorsiflexors contract concentrically to allow for foot clearance during mid-swing 
(Boakes and Rab 2006). In terminal swing, the hip continues to flex and the knee approaches 
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near full extension (Myers 1995). Finally, hip extensors, knee flexors and extensors and 
ankle dorsiflexors contract either isometrically or eccentrically to decelerate the shank and 
thigh, and position the foot in preparation for contact (Boakes and Rab 2006). 
The activity of key muscles, and joint angles, torque and power throughout the gait 
cycle are presented in Figures 3 and 4.






























































STANCE PHASE SWING PHASE
Figure 4: Joint angles, torque and power throughout the gait cycle.
2.3.3. Key components of human gait
Bowker (1992) describes three components of human gait that importantly influence 
the functional gait patterns: walking progression, standing stability, and energy 
conservation. 
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Walking progression is possible due to the momentum generated by the forward fall 
of the body weight, and due to the swing of the contralateral limb during single-limb 
support (Bowker 1992). At this point, the swinging leg functions as a pendulum (Doke 
et al. 2005), and the supporting foot serves as a rocker that allows the swinging limb to 
advance, meaning that a certain degree of passive mobility is necessary at the ankle, 
while still allowing for the calf muscles to stabilise the lower leg (Bowker 1992).
In the upright position, the alignment of body mass over the lower limb joints 
continuously changes, generating torque that needs to be actively counterbalanced 
by muscles in order to maintain postural balance (Bowker 1992). Standing stability 
requires appropriate muscle response to changes in the position of the centre of body 
mass, which in turn depends on selective neural control, intact proprioception and 
adequate muscle strength (Bowker 1992).
Much of the energy expenditure during ambulation happens at the transition between 
the swing and stance phase (Donelan et al. 2002). The amount of muscular effort required 
to walk is smallest when individuals walk at their natural gait velocity, whereas both, 
a slower and a faster pace increase the energy expenditure (Bowker 1992). Natural gait 
velocity, cadence, step length and width for adults of different ages and medical status 
as defined by XoSoft partners are listed in Table 4.
Table 4: Gait velocity, cadence, step length and width for healthy adults, healthy older 
adults, frail older adults, patients post stroke (post-CVA) and patients after spinal cord 
injury (post-SCI).
Adults Older adults Patients
healthy healthy frail post-CVA post-SCI
Gait Velocity [m/s] 1.34 ± 0.16 1.20 ± 0.12 0.79 ± 0.19 0.45 ± 0.25 0.72 ± 0.25
Cadence [steps/min] 117 ± 9 118 ± 7 101 ± 21 74 ± 21 87 ± 16
Step Length [m] 0.69 ± 0.06 0.63 ± 0.07 0.49 ± 0.08 0.36 ± 0.15 0.44
Step Width [m] N/A 0.64 ± 0.06 0.51 ± 0.08 N/A 0.11
2.3.4. Abnormal gait patterns
During gait, the activity of many muscles is phasic, i.e. the muscles are active either 
in the stance or swing phase, and muscle contraction that is out of phase can cause 
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abnormal gait patterns (Boakes and Rab 2006). These are commonly associated with 
neuromuscular pathologies, such as muscular dystrophy, poliomyelitis, cerebral palsy, 
spina bifida, Spinal Cord Injury (SCI) and Cerebro-Vascular Accident (CVA) (Fish 1997). 
For the purpose of this review, CVA and SCI will be addressed, as well as the changes in 
gait pattern that occur with normal aging and are not considered pathological.
2.3.4.1. Cerebro-Vascular Accident (CVA)
CVA, commonly known as stroke, is an acute episode of focal dysfunction of the brain, retina, 
or spinal cord due to focal infarction or haemorrhage, lasting longer than 24 hours (Sacco 
et al. 2013). Pathological subtypes comprise ischaemic stroke, caused by embolism from 
the heart, artery-to-artery embolism, and in-situ small vessel disease; and haemorrhagic 
stroke, caused by intracerebral or subarachnoid bleeding (Hankey 2017).
According to the World Stroke Organization, there are over 13.7 million new strokes 
each year with a 2.3:1 ratio between ischaemic and haemorrhagic stroke (WSO 2019). 
Globally, stroke is the second leading cause of death (Hankey 2017), and there are 
currently over 80 million stroke survivors with a ratio of 4.5:1 for ischaemic as compared 
to haemorrhagic stroke (WSO 2019). The incidence of all strokes is slightly higher in men 
than women (52 % to 48 %), but the survival rate is slightly higher in women (WSO 2019). 
10 % of survivors of ischaemic stroke and 15 % of haemorrhagic stroke are under 44 years 
of age (WSO 2019). About 40 % of stroke survivors are disabled between 1 month and 
5 years after stroke (Luengo-Fernandez et al. 2013).
CVA-related motor impairment is common. It affects about 80 % of patients (Langhorne 
et al. 2009) due to brain injury caused by occlusion or rupture of cerebral blood vessels 
in the motor cortex, premotor cortex, motor tracts, or associated pathways in the brain 
(Fish 1997; Warlow et al. 2008). It is typically one-sided (Warlow et al. 2008) and presents 
itself as a loss or limitation of muscle control, limitation in mobility, and disequilibrium 
(Wade 1992; Fish 1997). However, there is large inter-individual variability in the patterns 
of gait deviations among patients post CVA, so the management needs to address the 
unique deficits of the individual (Woolley 2001).
Patients post CVA with functional ambulation present with “hemiparetic gait”, 
characterised by asymmetry, decreased gait velocity (Fish 1997), increased energy 
expenditure (Balaban and Tok 2014), poor selective motor control, joint instability, 
reduced weight bearing on the paretic limb, and delayed and disrupted equilibrium 
reactions (Balaban and Tok 2014). Hemiparetic gait can present with hypotonicity 
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(i.e. decreased muscle tone) or hypertonicity (i.e. increased muscle tone). In the 
former case, the inability of dorsiflexion at the ankle (“dropfoot”) is often observed, 
leading to toe dragging or compensatory hip and knee flexion, leg circumduction, or 
ipsilateral pelvis elevation in order to clear the ground during swing phase (Graham 
2010; Balaban and Tok 2014). Hypertonicity presents either with extensor synergy (hip 
extension, adduction and internal rotation; knee extension; and ankle plantar flexion 
and inversion), or flexor synergy (hip flexion, abduction and external rotation; knee 
flexion; and ankle dorsiflexion and eversion) (Fish 1997).
In hemiparetic gait, velocity and cadence are decreased, the swing and stance phase of 
the affected limb are prolonged, and the contralateral limb spends significantly more 
time in stance phase and single limb support due to difficulty in moving the body over 
the unstable limb (Von Schroeder et al. 1995). 
In the stance phase, increased knee flexion, reduced knee flexion followed by knee 
hyperextension, or knee hyperextension throughout the phase can occur (Woolley, 
2001). Knee hyperextension may lead to unbalance, increased risk of falling, and knee 
osteoarthritis among older adults (Noyes et al. 1996; D’Gasper et al. 2018). In the swing 
phase, decreased knee extension prior to heel strike may occur, as well as decreased 
ankle dorsiflexion, which leads to reduced floor clearance by the foot circumduction 
of the leg (Balaban and Tok 2014). Dropfoot and ankle and knee instability among 
other post-stroke abnormalities can lead to significantly decreased walking velocities 
(Goldie et al. 1996).
Loss of walking ability is a major problem after stroke (Wade and Hewer 1987; 
Friedman 1990), recovery of walking is a priority goal for most patients (Mumma 1986; 
Bohannon et al. 1991), and rehabilitation starts as soon as the patient is medically 
stable (Richards et al. 1993).
2.3.4.2. Spinal Cord Injury (SCI)
Spinal Cord Injury (SCI) may be the result of trauma, vascular disorders, tumours, 
infectious conditions or developmental disorders. According to the National Spinal 
Cord Injury Statistical Center (National Spinal Cord Injury Statistical 2017), there were 
approximately 285,000 post-SCI patients in the United States in 2017, with 54 new cases 
per million each year. The average age of injury was 42 years with males accounting 
for about 81 % of new cases (National Spinal Cord Injury Statistical 2017). The reported 
leading cause of injury were vehicle collisions (38.4 %), followed by falls (30.5 %), acts 
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of violence (13.5 %), and sports or recreation activities (8.9 %). The most frequent 
neurological outcome was incomplete tetraplegia, followed by incomplete paraplegia, 
complete paraplegia, and complete tetraplegia.
The degree of disability post SCI depends on the level of the lesion and degree of the 
lesion. The majority of low thoracic level lesions are complete, resulting in a loss of 
both motor and sensory functions; whereas lumbar and sacral level lesions retain some 
degree of sensation and functional motor control (Fish 1997).
When functional ambulation is preserved, gait velocity is decreased and the energy 
costs are up to 20-times greater than normal (Fish 1997). A large percentage of 
patients experience pain, muscle weakness, spastic flexor and extensor patterns, and 
dysfunctional co-activation of agonist and antagonist muscle groups, as described 
above (Fish 1997).
2.3.4.3. Senile/cautious gait
In the 1990s, 8-19 % of non-institutionalised older adults had difficulty walking or 
required the assistance of another person or special equipment to walk (Leon and 
Lair 1990). Over 23 % of non-institutionalised adults aged 75 years and older used a 
mobility technology device, such as a cane (49 %), a walker (24 %), or a wheelchair (12 
%) (LaPlante 1992). However, due to the aging of the “baby boom” generation, most of 
the population will soon be experiencing some degree of disability (Ross 2001). A study 
from 2004 found that 20-50 % of the elderly population were affected by abnormal gait 
(Rubenstein and Trueblood 2004), and according to Hollander and Sugar (2006), many 
could benefit from some form of robotic intervention (Hollander and Sugar 2006).
Senile gait refers to abnormal gait in older age adults without accompanying clinical 
abnormalities (Wall et al. 1991). It does not have a specific cause, but is rather a 
consequence of different age-related factors, such as muscle weakness, slow reaction 
times and impaired tactile sensation from the feet, which can all lead to an unstable 
balance control system (Larish et al. 1988; Elble et al. 1991; Hollander and Sugar 2007). In 
fact, Nutt et al. (1993) coined the term “cautious gait” and described it as “the response 
to a real or perceived disequilibrium”, i.e. the result of apprehension to falling.
The gait pattern is typically broad-based with stooped posture, truncal instability, loss 
of arm movement, and flexion of the hips and knees (Koller et al. 1983; Hageman and 
Blanke 1986; Wall et al. 1991; Elble et al. 1992; Alexander 1996). Many of the afflicted 
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appear to be fearful during walking, uncertain and stiff in turning, show occasional 
difficulty initiating steps, and a tendency toward falling (Hogan et al. 1987; Wall et al. 
1991). Also observed is a decrease in ankle power (Hollander and Sugar 2007) leading 
to decreased push-off, and decreased ankle range of motion leading to abnormal foot-
floor clearance and “flat-footed” landing (Winter et al. 1990). Furthermore, slower 
cadence, longer stance and shorter swing durations have been reported (Murray et al. 
1969; Kaneko et al. 1991).
Gait velocity is decreased approximately 12-20 % due to short stride lengths and 
increased double support time (Ferrandez et al. 1990; Elble et al. 1991; Hollander and 
Sugar 2007), which may improve safety and stability (Murray et al. 1969; Winter et al. 
1990). On the other hand, age-related changes are more pronounced at slower gait 
(Hollander and Sugar 2007).
2.3.5. Assessing mobility impairment
2.3.5.1. Functional Ambulation Classification (FAC)
Functional Ambulation Classification (FAC) categorises patients into six categories 
numbered from 0 to 5 (Table 5) according to basic motor skills necessary for walking in 
terms of supervision or physical assistance required to ambulate (Holden et al. 1984). It 
defines ambulation as the ability to walk at least 3 metres outside the parallel bars with 
supervision or physical assistance from only one person (Holden et al. 1984). Walking 
surfaces such as tile, rugs and pavement are considered level surfaces; grass, gravel, 
dirt, snow and ice are considered non-level surfaces; inclined surfaces are defined as 
surfaces with 1.5 m incline of at least 30°; and walking stairs is defined as ascending and 
descending at least 7 steps with rail (Holden et al. 1984). The XoSoft project focuses on 
soft-exoskeleton users who require low to moderate levels of assistance with mobility, 
defined as FAC 3-5. 
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Table 5: Functional Ambulation Classification categories.
Score Category Interpretation
FAC 0 Non-functional ambulator Patient cannot walk, or needs help from two or more persons.
FAC 1
Ambulator, dependent
on physical assistance – level I
Patient requires firm continuous support from 
one person who helps carrying weight and with balance.
FAC 2
Ambulator, dependent
on physical assistance – level II
Patient requires continuous or intermittent support 




Patient requires verbal supervision or stand-by help from 




Patient can walk independently on level ground,
but requires help on stairs, slopes or uneven surfaces.
FAC 5 Ambulator, independent Patient can walk independently anywhere.
2.3.5.2. Community ambulation
The term “community ambulation” describes “independent mobility outside the home,” 
including the ability to confidently negotiate uneven terrain, private venues, shopping 
centres, and other public venues (Lord et al. 2004; Andrews et al. 2010). Studies have 
shown that older age adults and post-CVA patients consider the ability to ambulate in 
the community important, as it enables them to maintain independence (Lord et al. 
2004; Harris et al. 2008).
One of the measures that determines the ability of community ambulation is 
gait velocity (Patla and Shumway-Cook 1999; Shumway-Cook et al. 2002) which is 
particularly important for safe crossing of traffic intersections (Alexander 1996). 
Current recommendations for traffic signal timing at crosswalks are based on the 
functional walking categories (Table 6) that classify ambulators according to their 
gait velocity as home, limited community, and full community ambulators (Perry et al. 
1995; Fritz and Lusardi 2009).
Table 6: Functional walking categories for community ambulation.
Community ambulation category Gait velocity (m/s)
Home ambulator <0.4
Limited community ambulator 0.4–0.8
Full community ambulator >0.8
Able to safely cross the street 0.9-1.2
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Gait velocity of 0.9-1.2 m/s is considered sufficient to safely cross the street (LaPlante 
and Kaeser ; Koonce and Rodegerdts 2008; Fritz and Lusardi 2009). However, studies 
have shown that a significant number of older adult pedestrians felt that traffic lights 
did not allow for sufficient time to cross roads, and reported emotions of apprehension, 
anxiety, and fear when crossing (Amosun et al. 2007), with 27 % unable to reach the 
opposite side of the road before the light changed (Hoxie and Rubenstein 1994).
2.3.6. Summary of section 2.3.
Understanding human gait is of key importance in designing gait-assistive soft 
exoskeletons. Appropriate timing and magnitude of joint acceleration, deceleration and 
stabilisation is required to assist with the wearer’s ambulation and prevent disruption 
of their natural movement, thus lowering the metabolic cost of walking. In the case 
of abnormal gait patterns that may occur with increasing age and neuromuscular 
pathologies, soft exoskeletons can support functional and counteract pathological 
muscle action, which helps increase gait velocity and postural stability, and prevent 
possible acute and chronic injury. Improvement in functional ambulation increases the 
independence of individuals, their confidence and safety.
 
2.4. Measuring the effects of circumferential compression on tissues
Excessive mechanical loading of the limbs can lead to soft tissue injury, thus attempts 
have been made to establish safe thresholds for the external mechanical loading of 
tissues. These thresholds have been largely based on interface pressures at load-bearing 
sites of the body, but more recent studies have shown that the relationship between 
interface pressure and internal stress is not linear (Reenalda et al. 2009). Hence, safe 
thresholds based solely on interface pressures have been recognised as unacceptable 
(Bouten et al. 2003; Agam and Gefen 2007; Reenalda et al. 2009; Oomens et al. 2010).
Measurement of internal stress in vivo is technically and ethically challenging (Reenalda 
et al. 2009), therefore several other techniques have been used in combination with 
interface pressure measurements to predict the possibility of soft tissue injury. One 
of the most frequent approaches focuses on tissue perfusion and oxygenation, e.g. 
measurement of Transcutaneous Partial pressure of Oxygen (TcPO2) (Bader 1990; 
Makhsous et al. 2012), Transcutaneous Partial pressure of Carbon Dioxide (TcPCO2) 
(Makhsous et al. 2012), and Laser Doppler Flowmetry (LDF) (Mak et al. 2010). However, 
those methods only measure most superficial tissue layers. An alternative approach 
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is to study deep tissue deformation, most often by means of Magnetic Resonance 
Imaging (MRI) in combination with computational Finite Element (FE) modelling 
(Portnoy et al. 2007; Linder-Ganz et al. 2009; Finocchietti et al. 2011; Manafi-Khanian et 
al. 2015; Manafi-Khanian et al. 2016). Such testing approaches often lack the realism of 
functional anatomical structures and homeostatic mechanisms, so the complete effect 
of mechanical loading on living tissues cannot be fully established.
As pressure-induced muscle pain is mainly related to strain (Manafi-Khanian et al. 
2016), and perceived pain is considered a good indicator of potential tissue damage 
caused by excessive pressure exposures (Pons 2008), pain and discomfort studies 
using algometry could provide useful information in establishing safe thresholds for 
mechanical loading by soft exoskeletons. Moreover, Near-Infrared Spectroscopy (NIRS) 
has been recognised as a promising method to aid in assessing deep tissue oxygenation 
noninvasively, quickly and at a relatively low cost. Both methods (algometry and NIRS) 
can be used in addition to interface pressure measurement, and might present a 
relevant approach to study tissue interface exposures for soft robotics applications and 
wearable-robots generally.
2.4.1. Pressure algometry
2.4.1.1. Single-point and Cuff Pressure Algometry
Pressure algometry is a procedure for quantitative assessment of pain sensitivity 
by means of applying external pressure to tissues via skin in order to excite tissue 
nociceptors (Jensen et al. 1986; Graven-Nielsen et al. 2004). Typically, two parameters 
are measured: the pressure magnitude at which pain occurs (Pain Detection Threshold 
– PDT), and the pressure magnitude that causes unbearable pain (Pain Tolerance 
Threshold – PTT). The thresholds tend to be measured in kilopascals (kPa), as opposed 
to interface pressures that are usually measured in mmHg.
Traditional algometers are hand-held devices with a 1-cm2 probe, which applies pressure 
to a single specific point at a time (Jespersen et al. 2007; Pons 2008; Manafi-Khanian et 
al. 2015). Single-point algometry has been used extensively in clinics to study changes 
in pain sensitivity of patients with chronic pain (Polianskis et al. 2001). Fairly recently, 
Pons (Pons 2008) indicated that algometry might also be a useful tool for establishing 
acceptable pressure limits at the contact between wearable devices and the wearer’s 
body. However, he explicitly pointed out that the punctual, instantaneous nature of 
the applied forces, rendered the obtained limits unsuitable for sustained external 
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loading. Moreover, single-point pressure algometry is of limited use for soft robotics 
applications, where the forces are transmitted circumferentially to the body over large 
contact areas under the connection cuffs, and at anatomical sites with thicker layers of 
soft tissue (e.g. the thigh and shank).
To stimulate large volumes of deep somatic tissues, computerised Cuff Pressure 
Algometry (CPA) has been introduced in clinical practice (Jespersen et al. 2007; Graven-
Nielsen et al. 2015; Manafi-Khanian et al. 2015; Manafi-Khanian et al. 2016). In CPA, 
pressure is applied to the upper or lower limb by a pneumatic tourniquet cuff (Manafi-
Khanian et al. 2015), which enables exposure to external loading that is more analogous 
to the one in soft wearable robotics applications. CPA has also been found to be less 
influenced by local pain sensitivity variations, and is examiner-independent (Graven-
Nielsen et al. 2015; Manafi-Khanian et al. 2015; Manafi-Khanian et al. 2016). Finally, cuff 
pressure and intra-arterial pressure under the cuff, and therefore tissue pressure under 
the cuff, were found to be directly related (Polianskis et al. 2001).
2.4.1.2. Pain
2.4.1.2.1. Definition of pain
The International Association for the Study of Pain (IASP) defines pain as “an unpleasant 
sensory and emotional experience associated with actual or potential tissue damage, 
or described in terms of such damage” (H. Merskey 1994; N. Merskey 1994). As pain 
is always subjective, and each individual learns the application of the word through 
experiences related to injury in early life, Williams and Craig (2016) proposed an 
updated definition: "Pain is a distressing experience associated with actual or potential 
tissue damage with sensory, emotional, cognitive, and social components" (Williams 
and Craig 2016).
2.4.1.2.2. Factors that influence pain perception
Age, sex and race. The influence of age and sex on pressure pain thresholds in healthy 
individuals is not fully established. Woodrow et al. (1972) reported that tolerance to 
superficial pain increased and tolerance to deep pain decreased with age (Woodrow et 
al. 1972). Further studies found both, tendency toward reduced (Lautenbacher 2012) and 
increased pressure pain tolerance with age (El - Tumi et al. 2018). Woodrow et al. (1972) 
also found that tolerance to pain was greater in men than women, and in Caucasian 
compared to African and Oriental races (Woodrow et al. 1972). However, a recent study 
found no sex differences for single-point pressure pain thresholds (El - Tumi et al. 2018).
Summation of pain. Two physiological phenomena influence the intensity of pain 
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perception: Spatial Summation of Pain (SSP) and Temporal Summation of Pain (TSP). 
SSP (Figure 5a) is defined as an increased perception of pain at the same magnitude of 
mechanical stimulation when larger volumes of body tissue are involved (Greenspan 
et al. 1997; Defrin et al. 2003). TSP (Figure 5b) is defined as gradually increasing perception 
of pain that occurs when a series of identical painful stimuli is applied with a frequency 
above 0.3 Hz (Graven-Nielsen and Arendt-Nielsen 2008; Latremoliere and Woolf 2009; 
Anderson et al. 2013; Staud 2013; Graven-Nielsen et al. 2015; Vaegter et al. 2015). The 
stimulation intensity and the initial stimulus being painful are important for evoking 
TSP (Finocchietti et al. 2012).
b)a)
Figure 5: The mechanism of (a) Spatial Summation of Pain (SSP) and (b) Temporal Summation of Pain (TSP).
Pain modulation. The central nervous system modulates the efficacy of signal transfer 
at spinal synapses (descending pain modulation), and thus facilitates or inhibits the 
experience of pain (Figure 6) (Bingel et al. 2008). An imbalance between the descending 
pain-modulatory systems, as well as reorganisation of the higher brain centres 
(Arendt-Nielsen et al. 2011) can lead to central sensitisation, which manifests itself as 
reduced pain thresholds and increased response to supra-threshold stimuli (Loeser 
and Treede 2008; Latremoliere and Woolf 2009). Chronic pain has been identified as 
an important cause of central sensitisation, resulting in facilitated SSP (Graven-Nielsen 
et al. 2012) and TSP (Staud et al. 2003; Arendt-Nielsen et al. 2010; Lemming et al. 2012). 
Patients with chronic pain also exhibit hyperalgesia to mechanical stimulation at an 
unaffected site (i.e. generalised hyperalgesia), and even after the primary cause of pain 
has disappeared (Graven-Nielsen and Arendt-Nielsen 2010; Arendt-Nielsen et al. 2011; 















Figure 6: Descending pain modulation.
2.4.1.3. Discomfort
The distinction between discomfort and pain is not universally agreed upon 
(Stanghellini 2001). Some define discomfort as a subjective unpleasant sensation that is 
not interpreted as pain (Talley et al. 1999), whereas others consider discomfort to be a 
mild form of pain (Holtmann et al. 1998). According to Kölsch et al. (2003), discomfort 
and pain lie on the same continuum from the positive sensation of comfort towards 
increasingly negative sensations: comfort - unaware discomfort - aware discomfort – 
fatigue – pain (Kölsch et al.). On the other hand, Neumann (2001) argues that discomfort 
is not one of the basic sensations produced by neuroreceptors, such as pain, pressure, 
vibration, and temperature. Although pain nearly always causes discomfort, discomfort 
need not always be triggered by pain. It occurs when basic sensations negatively affect 
one’s physiological homeostasis, psychological well-being, or both, and are therefore 
assigned a negative valence and associated with the expectation of pain (Shen and 
Parsons 1997; Neumann 2001).
Pressure-induced discomfort is primarily triggered by the effects of external forces on 
the tissues involved, but it can also be influenced by seemingly unrelated factors, such 
as posture, vibration, thermal conditions and noise (Shen and Parsons 1997). Hence, the 
assessment of discomfort is a psychophysical problem (Shen and Parsons 1997).
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2.4.1.4. Pain and discomfort assessment scales
A wide range of different scales and tools are used to measure discomfort and pain 
(Pearson 2009). Some examples include the Body Part Discomfort (BPD) scale and its 
derivatives (Corlett and Bishop 1976; Marley and Kumar 1996), the 8-point discomfort 
scale (Yu et al. 1988), the Category Partitioning Scale (CP-50) (Göbel et al. 1988), Comfort 
Rating Scales (CRS) (Knight and Baber 2005) and others. The Visual Analogue Scale 
described below is most typically used in clinical and experimental settings for the 
rating of pain, whereas the similarly designed Borg CR-10 scale can be used for a wide 
variety of attributes, including discomfort.
2.4.1.4.1. Visual Analogue Scale (VAS)
The Visual Analogue Scale (VAS) is a self-reported, unidimensional, continuous scale that 
consists of a horizontal or vertical line, usually 100 mm long, and anchored at the extremes 
by two descriptors: “no pain” (0) and “the worst pain imaginable” (10) (Huskisson 1974). 
In practice, however, different endpoints are fequently used (Pearson 2009), and other 
attributes are assessed, such as pain relief, pain frequency, efficacy of treatment, anxiety 
and emotional responses (Frampton and Hughes-Webb 2011). The subject is asked to 
mark a point on the line that best represents the assessed attribute, and the distance 
from 0 to their mark is reported as the VAS score (Chiarotto et al. 2019).
VAS is easy to use and score, and is more sensitive and precise than descriptive scales; 
however, difficulty to understand the concept of “worst imaginable pain” has been reported 
(Frampton and Hughes-Webb 2011). The validity of VAS depends on the administration 
method and the instructions given to subjects (Jensen and McFarland 1993). 
2.4.1.4.2. Borg Category-Ratio Scale (CR-10)
The Borg CR-10 scale has been used to rate multiple attributes, e.g. perceived exertion, 
pain, discomfort, well-being, taste, loudness, colour, beauty, and others (Borg 1998). The 
rating of the chosen attribute ranges from "nothing at all" (0) to "absolute maximum"; 
and "extremely strong" (10) indicates the strongest perception of that attribute the subject 
has ever experienced (Borg 1998). Magnitudes larger than the maximum experienced are 
rated higher than 10, but most commonly do not exceed 20 (Borg 1998). The subjects 
are allowed to use decimal numbers for rating, e.g. 0.5 corresponds to boundary, just 
noticeable perception (Borg 1998). Due to inter-individual differences in previous 
experiences with the rated attribute, the scale is highly subjective, and in most cases it is 
the intra-individual levels and variations that are of scientific value (Borg 1998).
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2.4.2. Near-Infrared Spectroscopy (NIRS)
As discussed in Section 2.2., soft tissue damage due to mechanical loading has been 
closely associated with localised ischemia (Bouten et al. 2003; Stekelenburg et al. 2008; 
Reenalda et al. 2009) and the resulting decrease in tissue oxygenation. Especially 
deeper layers of soft tissue (i.e. muscle tissue) are prone to injury due to inadequate 
perfusion, thus various methods for tissue blood flow and oxygenation monitoring 
have been used to assess tissue viability during compression (Bader 1990; Mak et al. 
2010; Makhsous et al. 2012).
 
Near-Infrared Spectroscopy (NIRS) is an optical technique introduced in 1977 by Frans 
Jobsis (Jobsis 1977) as a method for non-invasive, real-time and continuous monitoring 
of tissue oxygenation that could be used as a research tool to assess the oxidative status 
of brain and muscle in vivo (Boushel and Piantadosi 2000). NIRS offers numerous 
advantages over earlier optical techniques for tissue oxygenation monitoring. It is quick 
and simple to perform, relatively inexpensive, causes little or no discomfort (Stranc et 
al. 1998), assesses oxygenation in muscle as opposed to more superficial tissue, and 
does not depend on maintenance of blood flow for operation (Hampson and Piantadosi 
1988). Furthermore, the measurement was found to not be affected by motion artefacts, 
and thus enable direct and continuous assessment of tissue oxygen saturation during 
exercise (Mathieu and Mani 2007). Combined with the Vascular Occlusion Test (VOT), 
it also provides information about the muscle microcirculatory function as a response 
to ischemia. However, widespread acceptance of this technology has been slow because 
of little or no standardisation for NIRS instrumentation use, signal processing and data 
analysis (Boushel and Piantadosi 2000; Ferrari et al. 2011).
2.4.2.1. Principles of NIRS
Light in the near-infrared spectrum (700-1000 nm) passes with relative ease through 
biological tissues, including bone, skin and muscle. As presented in Figure 7, near-
infrared light is emitted from a light source (i.e. the emitter optode) and follows a banana-
shaped curve through the tissue to the detector optode (Chance et al. 1992). In the tissue, 
it is either absorbed by chromophores or reflected back to the skin surface where it is 









Figure 7: Principles of NIRS: the path of near-infrared light through tissue.
The three main chromophores that absorb near-infrared light are vascular Haemoglobin 
(Hb), intracellular Myoglobin (Mb), and mitochondrial Cytochrome C Oxidase (Cyt) 
(Jobsis 1977). Their absorption spectra for near-infrared light are oxygen-dependent, 
which makes it possible to monitor relative changes in the concentration of their 
oxygenated and deoxygenated forms by means of spectroscopic analysis (Boushel and 
Piantadosi 2000; Jue and Masuda 2013). Hb absorbs the most light of all chromophores, 
and the majority of the NIRS signal is derived from Hb in the microcirculation (Boushel 
and Piantadosi 2000). However, NIRS cannot discriminate between arterial and venous 
compartments (Ferrari et al. 2004; Svanberg et al. 2011).
Spectroscopic analysis of the reflected near-infrared light provides information on 
concentrations or concentration changes of oxygenated (O2Hb) and deoxygenated 
Haemoglobin (HHb), which allows for the estimation and continuous monitoring of 
tissue oxygen saturation and total blood volume beneath the NIRS probe (Rådegran 1999; 
Murthy et al. 2001; Svanberg et al. 2011). Namely, Tissue Haemoglobin Index (THI), 
also referred to as Total Haemoglobin (tHb) is a derived parameter, the sum of the 
concentrations of O2Hb and HHb in arbitrary units (Messere et al. 2017). It reflects 
the changes in tissue blood volume and can be considered an indirect measure of 
changes in local muscle blood flow or O2 supply (Ferrari et al. 2004; Cettolo et al. 
2007). Moreover, Tissue Oxygenation Index (TOI), also referred to as Tissue Oxygen 
Saturation (StO2) (Myers et al. 2006; Scholkmann et al. 2014), is a derived parameter, 
calculated as (Katayama et al. 2010): TOI (%) = (O2Hb/tHb) × 100. It reflects the dynamic 
balance of O2 supply by the muscle microcirculation and O2 consumption/demand by 
the muscle (McCully and Hamaoka 2000; Hamaoka et al. 2007). Hb difference (Hbdiff) 
is a derived parameter, also used as an index of tissue oxygenation. It is calculated 
as the difference between O2Hb and HHb concentration changes (Grassi et al. 1999): 
Hbdiff = Δ(O2Hb – HHb).
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2.4.2.2. NIRS systems
So far, several types of NIRS systems have been developed and are available commercially 
(Ferrari et al. 2011). Continuous-Wave spectroscopy (CW)-based systems offer the 
advantages of low cost, relative technological simplicity and easy transportability 
(Ferrari et al. 2011). The most common commercially available NIRS devices use single-
distance continuous-wave light (Jue and Masuda 2013). However, currently, the most 
widely used oximetry approach is Spatially-Resolved CW Spectroscopy (SRS-CW) (Ferrari 
et al. 2011) that uses multiple source-detector distances to calculate the balance between 
tissue oxygen supply and demand (Suzuki et al. ; Quaresima et al. 2001). Frequency-
Resolved (FD)- and Time-Resolved Spectroscopy (TD)-based systems are more expensive, 
technologically complex and larger. They are the only methods to investigate spatial and 
temporal profiles of absolute changes in O2Hb, HHb and tHb concentrations. However, 
the signal-to-noise ratio of measurements is low. A scaled absolute value for tHb can also 
be obtained by SRS-CW, but physiological conclusions should be drawn essentially on the 
basis of StO2 results, while also reporting tHb data (Ferrari et al. 2011).
2.4.3. Interface pressure
2.4.3.1. Interface pressure measurement
Interface pressure is defined as the average force per unit area acting normal to the 
body surface (Casey et al. 2010). In ergonomics, as well as in clinical practice, interface 
pressures above 32 mmHg (4.3 kPa) were long believed to exceed skin capillary pressure 
and thus cause soft tissue breakdown (Swain and Bader 2002; Bouten et al. 2003; 
Agam and Gefen 2007). However, later research set the average capillary pressure at 
47 mmHg (6.3 kPa) (Agam and Gefen 2007), and self-regulatory mechanisms were found 
to cause capillary pressure to stabilise at higher than average values (Defloor 1999). 
Moreover, capillary closure does not only depend on interface pressures at skin level, 
thus interface pressures well above capillary pressures can be supported by the soft 
tissues before blood flow is seriously impaired (Bader 1990).
Despite that, interface pressures are still considered important in establishing safe 
thresholds for external mechanical loading at prosthetic sockets of amputees (Mak 
et al. 2001; Portnoy et al. 2008; Portnoy et al. 2010; Yeung et al. 2013; Laszczak et al. 2016), 
at the contact of the body with support surfaces, such as mattresses (Bergstrand 
et al. 2014; Grap et al. 2017) and seats (Linder-Ganz et al. 2009; Stockton and Rithalia 2009; 
Akins et al. 2011; Solis et al. 2011), and under connection straps of exoskeletons 
(De Rossi et al. 2010; Tamez-Duque et al. 2015). Interface pressure measurements are also 
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performed to assess the efficiency of pressure transmission under medical compression 
garments, such as sleeves and stockings (Partsch et al. 2006; Macintyre 2007; Liu et 
al. 2013; Tyler 2015; Kumar et al. 2016), and pneumatic cuffs (John et al. 2007; Partsch 
and Mosti 2010; Khanian 2015). Some examples of interface pressure measurements at 
typical body sites under various types of compression are presented in Table 7.
Apart from measurements of interface pressures on live participants (Crenshaw et al. 
1988; Giele et al. 1997; John et al. 2007; Macintyre 2007; Lurie et al. 2008; Casey et al. 2010; 
Roth et al. 2015; Hughes et al. 2018), studies have been performed on human cadavers 
(Shaw and Murray 1982; Crenshaw et al. 1988), rigid cylinder models (Segers et al. 2002; 
Macintyre 2007) and computational models (Cristalli and Ursino 1995; Lan et al. 2011; 
Deng and Liang 2016).
Table 7: Examples of interface pressures at typical body sites under various types 
of compression.
Rehab Rex lower-limb 
exoskeleton, connection 
straps (1)
N = 2 Peak pressures during walking (kPa)
Thigh Calf
Left Right Left Right
Healthy subject 29.3 18.7 5.3 3.3
SCI patient 37.6 27.7 15.3 10.9
Lopes gait rehabilitation 
exoskeleton, right thigh 
connection cuff (2)
N = 4 Peak pressure (kPa)
Transparent Viscous
Front pad 1 11.0 14.0
Front pad 2 16.1 23.6
Rear pad 26.6 29.5
Prosthetic socket,
walking at comfortable 
speed (3)
N = 5 Peak interface pressure (SD) (kPa/kg)
Baseline After 1h of walking
Patellar tendon 2.39 (1.70) 1.95 (1.49)
Popliteal depression 2.22 (1.32) 1.80 (1.37)
Anterior-medial tibia 1.90 (1.25) 1.51 (1.27)




Cuff pressure (SD) (kPa) Interface pressure (SD) (kPa)
PDT 28.0 (10.1) 20.8 (5.8)
PTT 72.0 (11.6) 41.3 (10.0)
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Prosthetic socket in knee 
disarticulation (5)
N = 1 Peak interface pressure (kPa)
Measured Previous studies











Sacral interface pressure supine (SD) (kPa)
Mean Peak
<65 years 3.5 (0.3) 7.6 (2.3)
>65 years 3.7 (0.3) 8.0 (2.1)
Patients 3.8 (0.3) 10.2 (5.2)
Standard office chair (7) N = 12

















Airlite Kombat Primagel Systam
A 11.7 7.0 (2.9) 11.9 7.7 (2.1) 9.7 7.8 (1.9) 13.7 8.8 (2.6)
B 10.9 9.0 (1.5) 6.7 6.3 (0.4) 6.4 5.9 (0.3) 9.3 7.4 (1.1)
C 10.5 7.7 (1.4) 11.5 8.8 (1.7) 6.4 6.1 (0.2) 10.3 8.7 (1.0)
D 9.6 7.0 (0.4) 10.5 9.1 (0.9) 8.7 7.5 (0.8) 9.1 7.9 (0.7)
E 8.4 7.5 (0.5) 6.8 6.4 (0.5) 8.4 7.7 (0.5) 7.1 6.7 (0.3)



















Supine 2.5 (0.5) 2.4 (0.4) 1.9 (0.5) 1.6 (0.7)
Standing 2.2 (0.9) 2.8 (0.4) 2.2 (0.5) 1.8 (0.9)
Wooden leg 2.8 (0.1) 2.5 (0.1) 1.9 (0.1) 1.7 (0.2)
3.1-4.3
Supine 2.8 (0.5) 2.8 (0.5) 2.3 (0.5) 2.1 (0.6)
Standing 2.2 (1.2) 3.1 (0.5) 2.6 (0.9) 2.4 (1.1)
Wooden leg 3.7 (0.3) 3.2 (0.4) 2.3 (0.5) 2.3 (0.3)
4.5-6.1
Supine 4.0 (0.7) 3.8 (0.7) 3.0 (0.7) 2.7 (0.7)
Standing 3.5 (1.3) 4.4 (0.9) 3.5 (0.7) 3.1 (1.3)
5.3 (0.4) 4.4 (0.7) 3.2 (0.5) 2.8 (0.5)
(1) (Tamez-Duque et al. 2015), (2) (De Rossi et al. 2010), (3) (Yeung et al. 2013), (4) (Khanian 2015), 
(5) (Laszczak et al. 2016), (6) (Bergstrand et al. 2014), (7) (Solis et al. 2011), (8) (Stockton and Rithalia 2009), 
(9) (Partsch et al. 2006).
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2.4.3.2. Interface pressure sensors
To measure interface pressures, different types of sensors are used, generally classified 
as pneumatic, resistive and capacitive. Pneumatic sensors typically consist of a flat, thin-
walled circular or oval plastic bladder filled with air, and connected to a manometer or 
an air-displacement sensor. Compared to resistive and capacitive sensors, they tend to 
be bulky (up to 5 mm thickness). Resistive sensors can be thin (e.g. 0.15 mm, 0.28 mm) 
and flexible (Mak et al. 2001; Tyler 2015), characterised by high sensitivity, resolution 
and frequency response, but also significant hysteresis, signal drift and temperature 
sensitivity (Mak et al. 2001; Tyler 2015). Capacitive sensors are fairly thin (e.g. 1 mm) and 
flexible (Mak et al. 2001; Laszczak et al. 2016; Grap et al. 2017). They are the most precise 
of all electrical sensors, extremely highly sensitive, with high resolution and bandwidth, 
stability, drift-free measurement capability, and robustness. They can be used in severe 
environments (high temperature, magnetic fields, and radiation) (Winncy and Scott 
2008). Both, resistive and capacitive sensors are available in the form of matrices of 
several sensors (Mak et al. 2001; Solis et al. 2011; Bergstrand et al. 2014; Tyler 2015; Grap 
et al. 2017). Some examples of sensors and their use are presented in Table 8.














































Pneumatic Oxford pressure monitor (Talley Group, UK) 1 2
Medical Stocking Tester (Salzmann Medico, Switzerland) 3, 4
Predia (Molten Corporation, Japan) 5
PicoPress (Microlab Elettronica, Italy) 6
Kikuhime (Meditrade, Denmark) 7 6
Resistive FlexiForce (Tekscan, USA) 9 8 10
Fscan (Tekscan, USA) 11
Iscan (Tekscan, USA) 12
Capacitive Xsensor (Crown Therapeutics, USA) 13, 14 15
Pliance (Novel, Germany) 16
1 (John et al. 2007); 2 (Stockton and Rithalia 2009); 3 (Liu et al. 2013); 4 (Partsch et al. 2006); 5 (Akins et al. 
2011); 6 (Partsch and Mosti 2010); 7 (Kumar et al. 2016); 8 (Linder-Ganz et al. 2009); 9 (Portnoy et al. 2010); 
10 (Tamez-Duque et al. 2015); 11 (Yeung et al. 2013), 12 (Macintyre 2007); 13 (Bergstrand et al. 2014); 
14 (Grap et al. 2017); 15 (Solis et al. 2011); 16 (Khanian 2015).
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2.4.3.3. Pressure transmission efficiency during circumferential compression
In the case of circumferential tissue compression by inflatable devices, such as 
pneumatic cuffs, the value of inflation pressure given by the manometer is considered 
to accurately reflect the actual mechanical pressure exerted at the skin surface (Roth et 
al. 2015). However, the proportion of pressure transmitted from the cuff to the surface 
of the limb and/or deeper tissues (i.e. the efficiency of pressure transmission) can vary, 
depending on the nature of mechanical loading (e.g. cuff inflation pressure and cuff 
design) and the nature of the intervening soft tissues (e.g. anatomical location and 
mechanical properties).
In general, the pressure on the soft tissues under external compression was found 
to decrease with the anatomical depth of the tissue assessed (Shaw and Murray 1982; 
Hargens et al. 1987). Interestingly, the efficiency of pressure transmission was observed 
to decrease with higher cuff inflation pressures (Deng and Liang 2016). Interface 
pressure has been shown to vary with variation in materials and geometric properties of 
pneumatic cuffs (Lurie et al. 2008; Naqvi et al. 2017). For example, significant differences 
in interface pressures and tissue deformation were found with different cuff bladder 
configurations, as the highest pressures occur directly beneath the air bladders (John 
et al. 2007). Moreover, interface pressures exceeded inflation pressures when the air 
bladder of the pneumatic cuff reached around the entire circumference of the limb 
(John et al. 2007). On the other hand, Roth et al. (2015) reported significant loss in cuff 
inflation pressure transfer to the skin due to the use of a cushioning layer. Using an 
inflatable water-cuff, Manafi-Khanian et al. (2016) found significantly lower interface 
pressures and a significantly more homogeneous interface pressure distribution 
compared to an air-cuff.
Wider cuffs transmit a greater percentage of the applied pressure to deeper tissues than 
narrower cuffs (Crenshaw et al. 1988). For narrower but not wider cuffs, the transmission 
of pressure to deeper tissues depends on limb circumference (Crenshaw et al. 1988).
Shaw and Murray found a significant inverse relationship between cadaveric thigh 
circumference and the percentage of cuff inflation pressure transmitted to superficial 
and deep soft tissues (Shaw and Murray 1982). A later study on live participants refuted 
any influence of BMI and thigh circumference on pressure transmission to the limb 
surface, but did find significantly higher interface pressures at the area of the overlap 
of the cuff, which is strongly influenced by the limb’s circumference (Roth et al. 2015).
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The magnitude of interface pressure and uniformity of its distribution under a 
pneumatic cuff is further influenced by the inhomogeneity and anisotropicity of 
human tissues (Daly and Odland 1979; Fung 1993), as well as the irregular geometry 
of the limbs (Vannah and Childress 1996; Mak et al. 2010; Manafi-Khanian et al. 2016). 
Different researchers reported an inhomogeneous transfer of pressure around the 
circumference of the limb (Lurie et al. 2008; Roth et al. 2015). Studies using pneumatic 
cuffs on model limbs, as well as compression sleeves on live participants’ thighs, found 
higher interface pressures over smaller curvatures, which is in agreement with the 
Laplace Law (Segers et al. 2002; Macintyre 2007). However, the Laplace Law did not 
accurately predict interface pressures on limbs with circumferences under 25 cm 
(Macintyre 2007).
The pressure transmitted to skin and deeper tissues (i.e. subcutaneous tissue, muscles, 
blood vessels, nerves) depends on the tissues’ mechanical properties (Cristalli and Ursino 
1995; Lurie et al. 2008), particularly compressibility (Lan et al. 2011) which is quantified 
by Poisson’s ratio. In incompressible tissues (Poisson’s ratio 0.5), the transmitted 
pressure correlates exactly with the applied pressure (Casey et al. 2010). However, real 
tissues (Poisson’s ratio 0.2-0.4) deform under compression due to migration of tissue 
fluids from the compressed region (Cristalli et al. 1993; Casey et al. 2010). Mechanically, 
deformation of tissues causes non-uniform pressure distribution at the interface (Deng 
and Liang 2016), with more effective pressure transmission over bony prominences 
than over soft anatomical sites (Giele et al. 1997). In fact, subcutaneous adipose tissue 
has been shown to significantly dampen pressure transmission to deeper tissues (Deng 
and Liang 2016).
2.4.4. Summary of section 2.4.
In the attempt to prevent soft tissue injury due to excessive mechanical loading, 
attempts are being made to determine ergonomics and safety standards for the users’ 
physical contact by soft exoskeletons. Thus far, safe thresholds have been largely based 
on interface pressure measurements for hard exoskeletons, but due to the complexity 
of tissue response to different external mechanical stimuli, a need has been identified 
to introduce additional methods for accurate prediction of the possibility of soft tissue 
injury for soft exoskeletons. Based on the knowledge about the possible mechanisms 
of soft tissue breakdown, tissue oxygenation measurements, and pain and discomfort 
studies focusing mainly on superficial tissues have been utilised to a limited degree 
in the context of wearable robotics applications. Technological improvements have 
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made it possible to assess deeper layers of soft tissues non-invasively, relatively quickly 
and non-expensively. Among the more recent methods are Cuff Pressure Algometry 
(CPA) and Near-infrared Spectroscopy. CPA provides insight into pressure-related pain 
thresholds during circumferential compression of the limbs, as well as the physiological 
and pathological pain mechanisms that need to be considered in the design of the 
physical human-soft exoskeleton interface. Further, NIRS enables real-time monitoring 
of deep tissue oxygenation. These methods in combination with interface pressure 
measurement show the potential to facilitate the establishment of subjective and 
objective ergonomics standards for soft exoskeletons.
 
2.5. Research questions
Nine main research questions have emerged from the literature review in the context 
of ergonomics aspects of soft exoskeletons, generally addressing the relationship 
between simulated soft exoskeleton compression of lower limb tissues, the perception 
of discomfort and pain, and deep tissue oxygenation.
First, the differences between methodological approaches to inducing discomfort 
and pain are addressed, their adequacy for simulating mechanical loading as in soft-
exoskeletons, and the influence of instrumentation, technique and the subjects’ 
characteristics on pressure-induced discomfort and pain thresholds. Next, the 
relationship between cuff inflation pressure and interface pressure is addressed, 
depending on instrumentation, technique and the subjects’ characteristics. Finally, 
the methodological approach to deep tissue oxygenation measurement using NIRS 
during circumferential compression is examined from the point of view of technique 
and factors that could influence the results, and the relationship between deep tissue 
oxygenation and discomfort intensity is addressed.
This thesis comprises three systematic review studies and four experimental studies, 
presented in Chapters 3-5 and 7-10 as individual scientific papers. The research 
questions are mapped across these studies as detailed in Table 9 below.
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Table 9: Mapping of research questions by chapters in the thesis.
Research question
Addressed in chapter
3 4 5 7 8 9 10
1. What magnitudes of simulated soft exoskeleton circumferential compression cause discomfort and pain?
How are pressure-induced pain thresholds influenced by 
algometry technique?
×
What is the magnitude of pneumatic cuff inflation pressures 
that induce discomfort?
× × ×
What is the magnitude of pneumatic cuff inflation pressures 
that induce pain?
× × × × ×
What is the magnitude of pneumatic cuff inflation pressures 
that cause unbearable pain?
× ×
2. Which factors regarding instrumentation and technique of simulated soft exoskeleton circumferential 
compression influence the perception of discomfort and pain?
What is the influence of cuff width on discomfort and pain 
detection thresholds?
× × × × ×
How is discomfort perception influenced by the temporal 
aspects of compression (duration and frequency)?
× × × × ×
How does discomfort perception change with time when 
compression is cyclically applied at the knee during walking?
×
3. How does the extent of muscle activity affect the tolerance for simulated soft exoskeleton 
circumferential compression?
What is the influence of body position on discomfort and 
pain detection thresholds?
×
What is the influence of muscle activity on discomfort and 
pain detection thresholds?
×
4. How do subject characteristics affect discomfort and pain during simulated soft exoskeleton circumferential 
compression at the limb?
Which anatomical and anthropometric factors influence 
pressure-related discomfort and pain thresholds?
× × × × ×
Which factors related to demographics influence pressure-
related pain thresholds?
×
Which medical conditions influence pressure-related pain 
thresholds?
×
5. What is the relationship between cuff inflation pressure and interface pressure under the pneumatic cuff?
What is the influence of inflation pressure on interface 
pressure?
×
What is the influence of cuff width on interface pressure? ×
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6. How is pressure transmission from pneumatic cuffs to body surface influenced by anatomical and 
anthropometric characteristics?
What is the influence of body mass index and adipose tissue 
thickness on interface pressure?
×
What is the influence of limb circumference (volume of soft 
tissue) on interface pressure?
×
What is the influence of limb geometry (tissue 
compressibility) on interface pressure?
×
7. Which factors regarding instrumentation and technique influence muscle NIRS during simulated soft 
exoskeleton circumferential compression?
How does efficiency of external pressure transmission 
influence deep tissue oxygenation?
× ×
What is the influence of pneumatic cuff inflation pattern on 
deep tissue oxygenation?
× × ×
How does circumferential compression at the lower limb 
during walking affect deep tissue oxygenation?
×
8. Which factors regarding subject characteristics influence muscle NIRS during simulated soft exoskeleton 
circumferential compression?
Which anthropometric measurements influence NIRS? ×
Which medical conditions influence NIRS? ×
Which chemical substances influence NIRS? ×
9. What is the relationship between deep tissue oxygenation 






Chapter 3. Computerised Cuff Pressure Algometry as  
 guidance for circumferential tissue compression  
 for wearable soft robotic applications:  
 a systematic review
Purpose: The aim of this study was to perform a systematic review of the magnitudes of 
pain-triggering and maximum tolerable pressures during circumferential compression 
of the upper and lower limb, to help establish threshold levels of acceptable mechanical 
tissue compression in healthy individuals in the context of soft exoskeletons.
Background: Pain is a good indicator of potential tissue damage caused by excessive 
mechanical loading, and pressure-induced muscle pain is mainly related to strain. 
Thus, algometry studies could present a non-invasive approach to the assessment 
of acceptable pressure exposures in vivo. To establish these thresholds, the specific 
nature of soft-tissue mechanical loading by soft exoskeletons needs to be considered. 
CPA is a potentially good approach for simulating contacts with the body and assessing 
the effects of soft exoskeletons on discomfort and pain. However, very few studies thus 
far have considered it a candidate method in the context of exoskeletons.
Novelty and contribution to knowledge: Pressure-induced pain assessment by 
circumferential compression at the limb presents a potential way of simulating 
mechanical loading of deep tissues as applied by soft exoskeletons. A method based on 
cuff pressure algometry could be valuable in establishing the acceptable limits of soft 
tissue loading by soft exoskeletons. This is the first review of its type on healthy adults. 
Published in: ‘Soft Robotics’:
Kermavnar, T., Power, V., de Eyto, A. and O'Sullivan, L. (2018) 'Computerized cuff 
pressure algometry as guidance for circumferential tissue compression for wearable 
soft robotic applications: a systematic review'. Soft robotics, 5(1), 1-16.
The author of this thesis conceived the idea for the review, defined the search criteria, 
performed the search, collated the relevant papers and drafted the review paper.
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Review 1:  Computerized Cuff Pressure Algometry as  
 guidance for circumferential tissue compression  
 for wearable soft robotic applications:  
 a systematic review
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In this article we review the literature on quantitative sensory testing of deep somatic 
pain by means of computerized Cuff Pressure Algometry (CPA) in search of pressure-
related safety guidelines for wearable soft exoskeleton and robotics design. Most 
pressure-related safety thresholds to date are based on interface pressures and skin 
perfusion, although clinical research suggests the deep somatic tissues to be most 
sensitive to excessive loading. With CPA, pain is induced in deeper layers of soft tissue 
at the limbs. The results show that circumferential compression most likely becomes 
painful at approximately 20-27 kPa, and can become unbearable even below 40 kPa.
3.1. Introduction
The vast majority of gait-assistive devices and exoskeletons are manufactured from 
rigid materials that impart torque assistance to the joints while also transmitting 
loads to the ground. Recently, attempts are being made to develop lighter, low-profile 
soft robotic devices, composed of textiles, referred to as soft exoskeletons or exosuits 
(Asbeck et al. 2014). The majority of hard exoskeletons apply mechanical loads to the 
user’s body via rigid shells, i.e. orthoses (De Rossi et al. 2010), whereas soft exoskeletons 
apply circumferential forces to the user via connection cuffs (De Rossi et al. 2010). The 
physical interaction between the users and hard or soft exoskeletons are quite different. 
Hard exoskeletons mostly affect weight-bearing sites which are usually relatively small 
surface areas, whereas soft exoskeletons interface with larger surface areas including 
around limbs. In both cases, excessive mechanical loading can lead to soft tissue injury 
and cause pressure ulcers.
Pressure Ulcers (PUs) are localized areas of soft tissue breakdown (Bouten et al. 2003; 
Agam and Gefen 2007; Black et al. 2007; Oomens et al. 2010) and are particularly 
common in individuals who are bedridden, wheelchair bound, or wear a prosthesis or 
orthosis (Bouten et al. 2003). PUs occur superficially (friction ulcers) or in deep tissues 
(pressure-related Deep Tissue Injuries - DTIs). DTI's are mainly caused by sustained 
compression of the deep muscle layers over bony prominences, and can be potentially 
life threatening (Bouten et al. 2003; Agam and Gefen 2007). The pathophysiologic 
mechanisms of soft tissue breakdown are not completely understood. Theories indicate 
localized ischemia (Bouten et al. 2003; Stekelenburg et al. 2008; Reenalda et al. 2009), 
impaired lymphatic drainage (Bouten et al. 2003; Reenalda et al. 2009), elevation of 
local lactic acid levels (Stekelenburg et al. 2008), reperfusion injury and sustained 
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deformation of cells (Bouten et al. 2003; Agam and Gefen 2007; Stekelenburg et al. 
2008; Reenalda et al. 2009). Other potentially important contributory factors include 
malnutrition, age, certain physical conditions, medication, dehydration, circulatory 
disturbances and immobility (Stekelenburg et al. 2008).
Until recently, attempts to establish safe thresholds for the external mechanical 
loading of soft tissues have been based on interface pressures at load-bearing sites of 
the body, such as under the ischial tuberosities, the sacrum, the trochanters and heels. 
In ergonomics, as well as in clinical practice, skin capillary pressure of 32 mmHg (4.3 
kPa), established in 1930 by Landis, is often cited as an exposure above which tissue 
breakdown could occur (Swain and Bader 2002; Bouten et al. 2003; Agam and Gefen 
2007). However, Landis’ observations were of an open arterial capillary (Agam and 
Gefen 2007) within the nail folds (Swain and Bader 2002). Later research has set the 
average capillary pressure at 47 mmHg (Agam and Gefen 2007). Furthermore, self-
regulatory mechanisms cause capillary pressure to stabilize at higher than average 
values (Defloor 1999), and capillary closure does not only depend on interface pressures 
at skin level. Hence, interface pressures well above capillary pressures can be supported 
by the soft tissues before blood flow is seriously impaired (Bader 1990). For example, 
typical interface pressures under the ischium during sitting reportedly range up to 
165 mmHg (22 kPa) (Shen and Parsons 1997), and a maximum average pressure of 
220 mmHg (29.3 kPa) was recorded on the thighs of an able-bodied subject using an 
exoskeleton (Tamez-Duque et al. 2015). Hence the appropriateness of the 32 mmHg 
threshold criterion for wearable robotics applications is unclear (Swain and Bader 
2002). While there continues to be a focus on acceptability of pressure magnitudes, 
few studies have also considered the importance of pressure Direction, Distribution 
and Duration (3Ds), in addition to loading cycle frequency (Bader 1990; Mak et al. 2001).
The relation between interface pressure and internal stress is not linear (Reenalda 
et al. 2009). Internal stress is highly dependent on the nature of the intervening 
soft tissues e.g. their thickness (Sangeorzan et al. 1989; Tamez-Duque et al. 2015), 
tone (Sangeorzan et al. 1989; Linder-Ganz and Gefen 2009b), mechanical stiffness 
(Oomens et al. 2010), and integrity (Sangeorzan et al. 1989), as well as the proximity of 
bony prominences (Sangeorzan et al. 1989; Agam and Gefen 2007; Oomens et al. 2010; 
Tamez-Duque et al. 2015). Moreover, injury thresholds differ for skin, adipose tissue 
and muscle (Agam and Gefen 2007), with the lowest threshold for muscle (Agam and 
Gefen 2007). Thus a safe threshold based solely on interface pressure is not acceptable 
(Bouten et al. 2003; Agam and Gefen 2007; Reenalda et al. 2009; Oomens et al. 2010). 
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However, measurement of internal pressure is technically and ethically challenging 
(Reenalda et al. 2009). Therefore, several techniques have been used in combination 
with interface-pressure measurements, e.g., measurement of transcutaneous partial 
pressure of oxygen (TcPO2) (Bader 1990; Makhsous et al. 2012), transcutaneous 
partial pressure of carbon dioxide (TcPCO2) (Makhsous et al. 2012), Near-Infrared 
Spectroscopy (NIRS), and Laser Doppler Flowmetry (LDF) (Mak et al. 2010). However, 
these techniques primarily focus on the perfusion of the most superficial tissue layers.
Pain or discomfort is the most direct reaction of the human body to excessive 
external loads (Mak et al. 2001). Pressure-induced muscle pain is mainly related to 
strain (Manafi-Khanian et al. 2016), and perceived pain is considered a good indicator 
of potential tissue damage caused by excessive pressure exposures (Pons 2008). The 
authors propose that pain and discomfort studies with pressure algometry could be 
a relevant approach to study tissue interface exposures for soft robotics applications, 
and wearable-robots generally. Algometers are used in clinical practice to apply 
pressure during studies of pressure-induced pain (Jespersen et al. 2007). Typically, 
two parameters are measured: the pressure magnitude at which pain occurs (Pain 
Detection Threshold – PDT), and the pressure magnitude that causes unbearable 
pain (Pain Tolerance Threshold – PTT). The thresholds tend to be measured in kPa, 
as opposed to interface pressures that are usually measured in mmHg. Traditional 
algometers are hand-held devices with a 1-cm2 probe which applies pressure to a 
single specific point at a time (Figure 8a) (Jespersen et al. 2007; Pons 2008; Manafi-
Khanian et al. 2015). Hand-held algometers have been used extensively in clinics 
to study changes in the pressure-pain thresholds in fibromyalgia and headache 
(Polianskis et al. 2001).
Pons (Pons 2008) describes a study of single-point pain perception at several anatomical 
sites of the lower limb, typically in contact with wearable devices, indicating that 
algometry might be a useful tool for establishing acceptable interface-pressure limits. 
However, Pons also explicitly points out that the reported pressures are caused by 
punctual, instantaneous forces, which renders the limits unsuitable for sustained 
external loading. Moreover, single-point pressure algometry is of limited use for soft 
robotics applications where the forces are transmitted to the body over large contact 
areas under the connection cuffs, and at anatomical sites with thicker layers of soft 
tissue (e.g. the thigh and shank).
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Computerized Cuff Pressure Algometry (CPA) has been used to stimulate large volumes 
of deep somatic tissues (Jespersen et al. 2007; Graven-Nielsen et al. 2015; Manafi-
Khanian et al. 2015; Manafi-Khanian et al. 2016). In CPA, mechanical tissue compression 
is achieved by a pneumatically controlled tourniquet cuff wrapped around the limb 
(Figure 8b) (Manafi-Khanian et al. 2015). CPA enables an exposure to external loading 
that is more analogous to the one in soft wearable robotics applications, such as soft 
exoskeletons. CPA studies can be used to study pain thresholds, stimulus-response 
functions, and spatial and temporal summation of pain (Manafi-Khanian et al. 2016). 
CPA has also been found to be less influenced by local pain sensitivity variations, and is 
examiner-independent (Graven-Nielsen et al. 2015; Manafi-Khanian et al. 2015; Manafi-
Khanian et al. 2016). Furthermore, cuff pressure and intra-arterial pressure under the 
cuff, and therefore tissue pressure under the cuff, were found to be directly related 
(Polianskis et al. 2001).
a) b)
Figure 8: Single-point algometry (a) and cuff pressure algometry (b).
The aim of this paper is to attempt to establish indicative guidelines for acceptable 
levels of mechanical tissue compression in humans, for use in the design of soft lower 
limb exoskeletons. To achieve this aim, we performed a structured systematic review 
of the literature on pressure-induced pain, specifically of CPA. CPA is more capable 
of generating mechanical stress in deeper tissues than single-point algometry, and is 
therefore more appropriate for assessing the response of deep tissues to compression 
as induced by soft exoskeletons.
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3.2. Method
3.2.1. Literature search and study selection
A systematic literature search was performed in March 2017 using EBSCOhost to search 
the following databases: Medline, Academic Search Complete, AMED, Biomedical 
Reference Collection, CINAHL Plus and General Science. The keywords used were "cuff 
algometry" and the search was limited to human studies. The initial search yielded a 
total of 59 articles. Following screening, a review of the reference lists of the 12 papers 
deemed eligible for inclusion identified one additional eligible study,(Jespersen et al. 
2007) resulting in a total of 13 studies being included in the review. Figure 9 illustrates 
the search and screening process. A second reviewer repeated the search and screening 
process to ensure that the process was accurate and repeatable.
3.2.2. Data extraction and synthesis
Data extracted from the selected studies included: 1) the participants’ characteristics 
(age, sex and anthropometric characteristics), 2) the assessment methods (tourniquet 
cuff characteristics and positioning, compression rates and durations, pain-intensity 
rating, etc.), 3) the variables studied, and 4) the findings of the study.
The relevant independent variables were either pneumatic cuff inflation pressure in 
CPA, or probe pressure in single-point algometry. The relevant dependent variables 
were the two pressure-induced pain thresholds: Pain Detection Threshold (PDT) and 
Pain Tolerance Threshold (PTT). Other variables, such as Pain Tolerance Limit (PTL), 
Temporal Summation of Pain (TSP), and interface pressure were also noted, but were 






















































All studies were of healthy participants. Five studies included only male (Polianskis et al. 
2001; Polianskis et al. 2002a; Polianskis et al. 2002b; Manafi-Khanian et al. 2015; Vaegter 
et al. 2017), one study only female (Jespersen et al. 2007), and four studies both male and 
female (Izumi et al. 2014; Graven-Nielsen et al. 2015; Vaegter et al. 2015; Kvistgaard Olsen 
et al. 2016; Manafi-Khanian et al. 2016; Lemming et al. 2017) participants. Two studies 
only included 1 participant (Manafi-Khanian et al. 2015; Manafi-Khanian et al. 2016), 
three studies included 12 (Polianskis et al. 2001; Polianskis et al. 2002a; Manafi-Khanian 
et al. 2016), three studies included 16 (Polianskis et al. 2002b; Jespersen et al. 2007; 
Izumi et al. 2014), two included 20 (Kvistgaard Olsen et al. 2016; Vaegter et al. 2017), one 
56 (Vaegter et al. 2015), one 98 (Lemming et al. 2017), and one 136 (Graven-Nielsen et al. 
2015) participants. Three studies included participants over 35 years of age (Jespersen 
et al. 2007; Graven-Nielsen et al. 2015; Lemming et al. 2017), in one study the age of the 
single participant was not reported (Manafi-Khanian et al. 2016), but comparison with 
another study by the same authors with the same data utilized (Manafi-Khanian et al. 
2015) led us to believe that the participant was the same. Eight studies reported the 
mean BMI of the participants (Izumi et al. 2014; Graven-Nielsen et al. 2015; Manafi-
Khanian et al. 2015; Vaegter et al. 2015; Kvistgaard Olsen et al. 2016; Manafi-Khanian et 
al. 2016; Lemming et al. 2017; Vaegter et al. 2017), and three studies reported the mean 
circumference of the limb studied (Jespersen et al. 2007; Kvistgaard Olsen et al. 2016; 
Manafi-Khanian et al. 2016).
3.3.2. Assessment methods
Computerized Cuff Pressure Algometry (CPA) was performed using either a 6 cm 
(Manafi-Khanian et al. 2015; Manafi-Khanian et al. 2016; Manafi-Khanian et al. 2016) or 
11 cm (Polianskis et al. 2001; Polianskis et al. 2002a) wide single-chamber tourniquet 
cuff, or a 13 cm wide double-chamber tourniquet cuff (Polianskis et al. 2002b; Jespersen 
et al. 2007; Izumi et al. 2014; Graven-Nielsen et al. 2015; Vaegter et al. 2015; Kvistgaard 
Olsen et al. 2016; Lemming et al. 2017; Vaegter et al. 2017). One study (Manafi-Khanian 
et al. 2016) also used a 5 cm wide cuff with an inner cylindrical chamber filled with 
water and an outer chamber inflated with air. The cuffs were inflated at a constant rate; 
one study also assessed the results of increasing the rate of inflation (Polianskis et al. 
2001), and two the results of sustained constant compression (Polianskis et al. 2002b; 
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Kvistgaard Olsen et al. 2016). Participants in all studies rated their pressure-induced 
pain intensity on an electronic Visual Analogue Scale (VAS), with 0 indicating no pain 
and 10 cm maximal pain. With the exception of one study (Izumi et al. 2014), rating was 
performed at 10 Hz. PDT was defined when VAS exceeded 0 cm (Polianskis et al. 2001; 
Polianskis et al. 2002a; Polianskis et al. 2002b; Jespersen et al. 2007; Izumi et al. 2014; 
Graven-Nielsen et al. 2015; Manafi-Khanian et al. 2015; Vaegter et al. 2015; Vaegter et al. 
2017), 0 .1 cm (Lemming et al. 2017) or 1 cm (Manafi-Khanian et al. 2016).
In three studies, single-point pressure algometry was performed in addition to CPA 
(Polianskis et al. 2001; Izumi et al. 2014; Graven-Nielsen et al. 2015). Two studies also 
utilized MRI and 3D finite element modelling to predict Von-Mises stresses in deeper 
tissues during external compression (Manafi-Khanian et al. 2015; Manafi-Khanian et al. 
2016). Other tests were performed, such as assessment of thermal pain sensitivity (Izumi 
et al. 2014; Vaegter et al. 2017), cold-pressor test (Graven-Nielsen et al. 2015), cutaneous 
pin-prick sensitivity (Izumi et al. 2014), provocation tests with hypertonic saline 
solution (Izumi et al. 2014), skin and muscle sensitization with capsaicin (Polianskis 
et al. 2002a), or selective anesthesia (Polianskis et al. 2002a), but these are beyond the 
scope of this systematic review.
All studies reviewed were performed on the lower limb. One was of the thigh as 
proximally as possible (Izumi et al. 2014) and the remainder were on the lower leg, at 
the level of the heads of m. gastrocnemius-soleus (Polianskis et al. 2001; Polianskis et 
al. 2002a), the heads of the gastrocnemius muscle (Manafi-Khanian et al. 2015; Manafi-
Khanian et al. 2016; Manafi-Khanian et al. 2016), 5 cm under the tibial tuberosity (Graven-
Nielsen et al. 2015; Vaegter et al. 2015; Vaegter et al. 2017), or at the widest part of m. triceps 
surae (Kvistgaard Olsen et al. 2016; Lemming et al. 2017). Three CPA studies were also 
performed on the upper limb (Graven-Nielsen et al. 2015; Vaegter et al. 2015; Lemming 
et al. 2017). Participants were tested in the supine (Polianskis et al. 2001; Polianskis et al. 
2002a; Polianskis et al. 2002b; Jespersen et al. 2007; Izumi et al. 2014; Graven-Nielsen et 
al. 2015; Vaegter et al. 2015; Kvistgaard Olsen et al. 2016) or seated position (Vaegter et al. 
2017). Four studies did not detail the tested posture (Manafi-Khanian et al. 2015; Manafi-
Khanian et al. 2016; Manafi-Khanian et al. 2016; Lemming et al. 2017).
3.3.3. Variables studied
Of the variables that we find important for soft-robotics application, one study only 
reported PDTs (Izumi et al. 2014), one only reported PTTs (Vaegter et al. 2015), and 
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eleven studies reported PDTs and PTTs (Polianskis et al. 2001; Polianskis et al. 2002a; 
Polianskis et al. 2002b; Jespersen et al. 2007; Graven-Nielsen et al. 2015; Manafi-Khanian 
et al. 2015; Kvistgaard Olsen et al. 2016; Manafi-Khanian et al. 2016; Manafi-Khanian et 
al. 2016; Lemming et al. 2017; Vaegter et al. 2017). One study reported PDTs for single-
point pressure algometry as well as CPA (Izumi et al. 2014), and two studies reported 
PDTs for single-point pressure algometry and PDTs and PTTs for CPA (Polianskis et 
al. 2001; Graven-Nielsen et al. 2015). Four studies also reported PTL (the rating on VAS 
at PTT) (Polianskis et al. 2001; Polianskis et al. 2002a; Jespersen et al. 2007; Lemming 
et al. 2017), three studies assessed TSP (Graven-Nielsen et al. 2015; Vaegter et al. 2015; 
Kvistgaard Olsen et al. 2016), and one study reported mean interface pressure and 
interface pressure distribution under the cuff (Manafi-Khanian et al. 2016).
3.3.4. Findings
The key mean values are rounded to the closest whole number and compared in Table 10. 
The studies reviewed are chronologically ordered and summarized in Table 11.   
The pressure-pain sensitivity assessed by CPA indicates a common pattern across 
the studies. At the lower limb, PDT levels ranged from 16.3 ± 11.2 kPa to 34.1 ± 21.0 
kPa (Lemming et al. 2017), but the majority of the reported PDTs were under 30 kPa 
(approximately 20-27 kPa). PTT levels ranged from 42.7 ± 11.6 (Manafi-Khanian et al. 
2016) to 90.5 ± 18.0 kPa (Lemming et al. 2017). At the upper limb, PDT levels ranged from 
19.6 ± 13.6 kPa to 34.5 ± 20.6 kPa (Lemming et al. 2017), and PTT levels from 69.1 ± 16.1 kPa 
(Graven-Nielsen et al. 2015) to 98.8 ± 5.4 kPa (Lemming et al. 2017). Several factors were 
found to significantly influence CPA-assessed pain thresholds, such as tourniquet-cuff 
properties, pattern of compression, inter and intra-individual differences, and exercise.
Significantly higher PDT and PTT were found during single-chamber compression 
compared to double-chamber compression, indicating spatial summation of pressure-
induced pain (Polianskis et al. 2002b; Lemming et al. 2017). Significantly higher PDT 
and PTT were also assessed by a water cuff compared to an air cuff, owing it to a 
larger homogeneity of the interface pressure distribution of the former. Furthermore, 
with the water cuff, the interface pressure was significantly lower than the inflation 
pressure (Manafi-Khanian et al. 2016).
The number of compressions, compression rate and pain thresholds were strongly 
correlated (Polianskis et al. 2001). The increase of compression rate increased PTT and 
51
decreased PTL (Polianskis et al. 2001). Pain intensity was significantly correlated to the 
time of constant stimulation (Polianskis et al. 2002b). Constant cuff pressure resulted 
in pain adaptation, whereas oscillating pressure did not (Polianskis et al. 2002b).
PDT and PTT were higher for men than women (Graven-Nielsen et al. 2015; Lemming 
et al. 2017) and PDT was higher and PTT lower in older participants (Graven-Nielsen 
et al. 2015). PDT and PTT were significantly correlated to isokinetic muscle strength 
(Jespersen et al. 2007). PDT for single-chamber stimulation was significantly higher in 
a group of highly active participants, but no significant differences in PTT were found 
with respect to participants’ activity level (Lemming et al. 2017). Isometric (Vaegter et 
al. 2015; Vaegter et al. 2017) and aerobic (Vaegter et al. 2015) exercises directly before 
CPA increased pain thresholds.
Table 10: Comparison of key data assessed in the studies reviewed. The minimal and 
maximal values are written in bold.
Reference n CPA Single-point 
algometry
Special PDT (kPa) PTT (kPa) PTL (cm) PPT (kPa)
(Polianskis et al. 2001) 12
Left 26 61 5.4
433 - 526
Right 25 56 5.5
(Polianskis et al. 2002a) 12 - 17 - 33 46 - 63 5.0 - 6.3 -
(Polianskis et al.2002b) 16
Single chamber 17 - 30 56 - 77
- -
Double chamber 11 - 19 37 - 59
(Jespersen et al. 2007) 16 - 20 44 9.4 -
(Izumi et al. 2014) 16 - 32 - - 442 - 577
(Manafi-Khanian et al. 2015) 1 - 19 46 - -
(Vaegter et al. 2015) 56 - - 68 - 72 - -
(Graven-Nielsen et al. 2015) 136 - 27 58 - 61 6.5 - 6.7 509 - 543




(Manafi-Khanian et al. 2016) 1 - 19 - - -
(Kvistgaard Olsen et al. 2016) 20 - 26 - 30 62 - 69 - -
(Vaegter et al. 2017) 20 - 21 - 26 63 - 74 - -
(Lemming et al. 2017) 98
Single chamber 19 - 34 74 - 91 5.7 - 8.4
-
Double chamber 16 - 24 53 - 81 7.5 - 8.8














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.4.1. Pressure-pain sensitivity of soft tissues
A key finding of the current review is that previous examples of interface pressures of 
seated individuals (22 kPa (Shen and Parsons 1997)) and exoskeleton users (29.3 kPa 
(Tamez-Duque et al. 2015)) involve pressures exceeding PDTs identified in this review. 
A risk curve due to deformation, ischemia and other factors has been proposed by 
Stekelenburg et al. (2008), indicating that the risk for tissue damage depends not only 
on the magnitude of external loading but also on its duration. By adapting this risk 
curve, we hypothesize the probability of deep tissue injury when loaded with pressure-
induced pain thresholds (Figure 10). The curve indicates two boundary values for 
external loading, where the risk for tissue damage depends on the loading duration. 
Above the upper extreme, tissue damage occurs instantly, and below the lower extreme, 
no damage occurs, independently of the loading duration (Stekelenburg et al. 2008). The 
absolute pressure values at these points are not proposed, but considering pain to be 
an indicator of potential tissue damage, and the correlation between pressure intensity 
and pain intensity after PDT is reached (Polianskis et al. 2002a), we hypothesize that: 
(1) the upper extreme occurs at pressures that cause the worst pain imaginable (i.e., 
PTL = 10 cm); (2) the minimal value occurs below PDT; and (3) PDT and PTT fall near 
the lower and the higher extremes respectively. We propose that compression at PDT 
is likely to induce deep tissue damage over time, depending on the time duration and 
pattern of external loading (Figure 10B); and that compression at PTT is likely to induce 
near instantaneous damage (Figure 10A), therefore it should be avoided outright for 
soft exoskeletons.
To establish a safety standard for external loading, the absolute value of the minimal 
external pressure magnitude needs to be identified. We hypothesize that it falls between 
the reported potentially injuring stresses for muscle (35 kPa (Gefen et al. 2005b)) and the 
compression that is considered to be beneficial, such as that produced by compression 
garments. According to the RAL-GZ standard (2008) for medical compression stockings, 
the highest compression class stockings exert over 49 mmHg (6.5 kPa) of compression 
at the ankle. However, it has been reported that even compression exceeding 30-40 
mmHg (4.0-5.3 kPa) can cause discomfort (Chan and Fan 2002). Higher cuff pain 
sensitivity was found in the lower limb than in the upper limb (Lemming et al. 2017), 
which indicates that data for the limbs cannot be used interchangeably for wearable 

















































































Figure 10: Hypothetical relationship between pressure-induced pain thresholds, loading duration and 
tissue damage. The duration of potentially low-risk mechanical loading at (A) PTT and (B) PDT.
3.4.2. Comparison of cuff pressure algometry and single-point algometry 
There was a significant difference between the pressure-pain thresholds obtained by 
single-point algometry and CPA. The PDTs for single-point pressure algometry are site 
dependent and tend to be twenty times that of CPA. PDT thresholds for single point 
algometry in the reviewed studies ranged from 433 ± 15 kPa to 526 ± 20 kPa on the lower 
leg (Polianskis et al. 2001), from 509 ± 243 kPa to 543 ± 264 kPa at the thigh (Graven-
Nielsen et al. 2015), and from 442 ± 18 kPa to 577 ± 25 kPa at the hip (Izumi et al. 2014).
As mentioned earlier, higher cuff pain sensitivity was found in the lower limb than in 
the upper limb (Lemming et al. 2017), which is in contrast to the inverse relationship 
established by single-point pressure algometry (Graven-Nielsen et al. 2015). It has 
been reported that sustained external pressure corresponding to 50 % PDT becomes 
painful in a few minutes (Pons 2008). In instances like this, it is of great importance 
to distinguish between the two methods for assessing pressure-pain sensitivity. In 
single-point pressure algometry, 50 % PDT corresponds to approximately 140-300 kPa, 
whereas in CPA, it corresponds to about 9-15 kPa. In two studies discussed (Manafi-
Khanian et al. 2015; Manafi-Khanian et al. 2016) 50 % PDT (9.7 kPa) was considered as 
"mild pressure". Although this is still considerably lower than the thresholds established 
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by single-point pressure algometry, it is over twice as high as the recommended limit 
for interface pressure (4.3 kPa), cited previously and widely believed to be outdated.
3.4.3. Application of CPA data to gait-assistive devices
Sustained constant pressure was shown to result in adaptation to pain in healthy adults, 
whereas oscillating pressure caused an increase in pain intensity with time (Polianskis et 
al. 2002b; Graven-Nielsen et al. 2015; Vaegter et al. 2015). This presumably happens due to 
central modulation of pain, most importantly Temporal Summation of Pain (TSP). TSP is 
defined as gradually increasing perception of pain that occurs when a series of identical 
painful stimuli is applied with a frequency above 0.3 Hz (Figure 11a) (Graven-Nielsen 
and Arendt-Nielsen 2008; Latremoliere and Woolf 2009; Anderson et al. 2013; Staud 2013; 
Graven-Nielsen et al. 2015; Vaegter et al. 2015). This is very important for gait-assistive 
devices due to the cyclical movements involved. The fact that higher compression rate 
decreases PTL (Polianskis et al. 2001) also plays a role when considering gait velocity, i.e., 
faster walking could become intolerably painful at lower pain intensities. On the other 
hand, exercise-induced hypoalgesia (Vaegter et al. 2015; Vaegter et al. 2017) could act as a 
mitigating factor due to the aerobic nature of walking.
Pain was found to develop earlier and faster during constant compression with a wider 
tourniquet cuff than with a narrower one (Estebe et al. 2000; Lemming et al. 2017), but 
a distribution of force over a larger area increases the homogeneity of compression, 
which consequently increases the tolerability of pain (Manafi-Khanian et al. 2016). 
However, previous studies report that wider cuffs eliminate arterial blood flow at lower 
pressures (Crenshaw et al. 1988) and without total collapse of the arteries (Moore 1987). 
Moreover, the percent of cuff pressure reaching the deep tissue near the bone was 
found to be much higher for wider cuffs compared to narrow ones (Crenshaw et al. 
1988). Most importantly, wider cuffs subject a greater mass of tissue to compression 
(Crenshaw et al. 1988), thereby activating a larger number of nociceptors. This leads to 
Spatial Summation of Pain (SSP) defined as increased perception of pain at the same 
magnitude of mechanical stimulation when larger, compared with smaller areas of 
body tissue are stimulated (Figure 11b) (Greenspan et al. 1997; Defrin et al. 2003). Thus, 
there seems to be a need to establish an efficient relationship between the cuff width 
and the force transmitted to the body, when circumferential compression is used to 
actuate movement. Interestingly, the interface pressure did not differ significantly 
from the inflation pressure of a 6 cm wide cuff (Manafi-Khanian et al. 2016).
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b)a)
Figure 11: (a) Temporal and (b) Spatial Summation of Pain.
Finally, TSP is more prominent in non-healthy individuals, and pressure-induced pain 
thresholds are achieved at lower pressures in less active people (Jespersen et al. 2007; 
Lemming et al. 2017) and people with lower isokinetic muscle strength (Jespersen et al. 
2007), who are the most probable users of gait-assistive devices.
3.4.4. Terminology and definition of pressure-induced pain thresholds
Single-point algometry traditionally only assesses one parameter, called Pressure-Pain 
Threshold (PPT) which corresponds to PDT in CPA studies. PTT, on the other hand, is 
a parameter introduced by CPA, and in this method, both PDT and PTT are referred 
to as pressure-pain thresholds. Based on this systematic review, we have identified a 
need to standardize terminology, as well as the definitions of measured parameters 
in CPA. Namely, PDT, as classically defined, is also dubbed Pressure-Pain Detection 
Threshold (PDT (Polianskis et al. 2001)), Pressure-pain Threshold (Jespersen et al. 2007), 
PT (Kvistgaard Olsen et al. 2016), or Cppt (Vaegter et al. 2017)), and cuff Algometry Pain 
Threshold (cuff PPT (Izumi et al. 2014)). PTT is also called Pressure-pain Tolerance 
(Jespersen et al. 2007) (PTol (Kvistgaard Olsen et al. 2016)). Moreover, PDT is usually 
defined at pain intensity exceeding 0 on the VAS scale, but one study (Manafi-Khanian 
et al. 2016) defined it as the intensity exceeding 1 cm on the VAS scale. The definition of 
PTT varies, being defined as maximal pain intensity of 10 cm on the VAS scale (Manafi-
Khanian et al. 2015) or at the point a test subject induced termination of the experiment 
(Jespersen et al. 2007; Graven-Nielsen et al. 2015; Vaegter et al. 2015; Manafi-Khanian et al. 
2016; Vaegter et al. 2017). In one study (Polianskis et al. 2002b), the authors explain that 
the pain intensity strong enough to make one feel like stopping the stimulation does 
not comply with the classical description of pain tolerance, therefore they provisionally 
labeled that threshold as the Pain Tolerance Limit (PTL).
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3.4.5. Limitations
The present review summarizes pain-inducing pressure thresholds achieved by CPA with 
healthy participants. We hypothesize that deep somatic tissue pain indicates excessive 
external loading, and can thus be useful in studying and possibly setting safe thresholds 
for circumferential compression of the lower limbs. However, the applicability of these 
thresholds to the design of soft lower limb exoskeletons still needs to be established.
Moreover, most of the reviewed studies included under 20 participants, and all 
participants were healthy. Potential exoskeleton users, however, are understood to be 
patients with specific pathologies that can change pain perception, which warrants a 
separate research review. Also, the variability of the cuffs used in the studies renders 
it difficult to compare all the results, as PDT depends on cuff width (Estebe et al. 2000) 
and shape (John et al. 2007). Also, the anatomical sites for testing differed, and pain 
intensity at PDT was not consistently defined.
3.5. Conclusions
For this review, we identified 13 studies, where computerized cuff pressure algometry 
was performed on healthy adults at the lower and upper limb. Higher cuff pain 
sensitivity was found in the lower limb. PDT levels ranged from 16.3 ± 11.2 kPa to 34.1 
± 21.0 kPa at the lower limb, and 19.6 ± 13.6 kPa to 34.5 ± 20.6 kPa at the upper limb. 
PTT levels ranged from 42.7 ± 11.6 to 90.5 ± 18.0 kPa at the lower limb, and from 69.1 ± 
16.1 kPa to 98.8 ± 5.4 kPa at the upper limb. We propose that the studies of PDT should 
be of key interest for soft exoskeleton use. Factors that significantly influenced pain 
thresholds were tourniquet-cuff properties, pattern of compression, inter and intra-
individual differences, and exercise, which explains some of the sources of variation.
The results of single-point algometry showed higher pain sensitivity in the upper limb, 
and the thresholds were about 20 times higher than those obtained by cuff pressure 
algometry. Furthermore, sustained constant pressure resulted in adaptation to pain, 
whereas oscillating pressure caused an increase in pain intensity with time. Also, 
participants tolerated higher pain intensities at lower compression rates.
The results acquired by cuff pressure algometry give important insight into the 
relationship between external loading and discomfort or pain. This can be useful 
in studying and possibly setting safe thresholds for circumferential compression of 
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the lower limbs which may occur when soft robotics are used for wearable assistive 
device applications. However, in the absence of laboratory studies under the specific 
circumstances during soft-exoskeleton use, we can only provide an approximate range 
for maximal loading (i.e., 16-34 kPa). More research is needed in order to establish 
exact, user- and use-specific thresholds.
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Chapter 4. Cuff Pressure Algometry in patients with chronic  
 pain as guidance for circumferential tissue  
 compression for wearable soft exoskeletons: 
 a systematic review
Purpose: The aim of this study was to perform a systematic review of the magnitudes of 
pain-triggering and maximum tolerable pressures during circumferential compression 
of the limb in patients with chronic pain who tend to be the target users of soft 
exoskeletons, as compared to healthy individuals.
Background: Chronic pain can cause changes in pain-modulatory functions of the 
central nervous system, causing central sensitisation and generalised hyperalgesia, 
which lowers the individuals' tolerance for pain. The differences in pressure-induced 
pain thresholds between healthy subjects and patients with chronic pain need to be 
considered in user-centred design of soft exoskeletons, due to the neuromuscular 
impairment of potential user groups.
Novelty and contribution to knowledge: This paper differs from the previous 
review by addressing the changes in pain processing as a result of persistent pain, that 
increase the vulnerability of potential soft-exoskeleton users and thus the importance 
of user-centred design. This review provides a specific insight into pressure tolerance 
for patients specified and could be used to infer initial pressure tolerance for soft 
exoskeleton design.
Published in: ‘Soft Robotics’
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in patients with chronic pain as guidance for circumferential tissue compression for 
wearable soft exoskeletons: a systematic review'. Soft robotics, 5(5), 497-511.
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In this article, we report on a systematic review of the literature on pressure-pain 
thresholds induced and assessed by computerized Cuff Pressure Algometry (CPA). The 
motivation for this review is to provide design guidance on pressure levels for wearable 
soft exoskeletons and similar wearable robotics devices. In our review, we focus on CPA 
studies of patients who are candidates for wearable soft exoskeletons, as pain-related 
physiological mechanisms reportedly differ significantly between healthy subjects and 
patients with chronic pain. The results indicate that circumferential limb compression 
in patients most likely becomes painful at approximately 10-18 kPa, and can become 
unbearable even below 25 kPa. The corresponding ranges for healthy subjects are 20-27 
kPa (painful limits) and 40 kPa (unbearable levels). Also, the increase of pain with time 
tends to be significantly higher, and the adaptation to pain significantly lower, than in 
healthy subjects. The results of this review provide guidance to designers of wearable 
robotics for populations with chronic pain regarding rates and magnitudes of tissue 
compression that may be unacceptable to users. 
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4.1. Introduction
A variety of pathologies impair human gait by reducing the ability to control the lower 
limbs, which causes the need for gait-assistive devices. A rather novel field of research 
and development focuses on wearable robots intended to assist with walking, referred 
to as lower limb exoskeletons. Typically, exoskeletons are composed of rigid materials 
that impart torque assistance to human joints, but recently, lighter, low-profile soft 
exoskeletons or exosuits (Asbeck et al. 2014) are being developed from materials, such 
as textiles. These apply circumferential forces to the user’s limbs via connection cuffs 
(De Rossi et al. 2010). The growing use of exoskeletons, especially among individuals 
with various neurological conditions, is increasing the importance of ethics in robotics, 
and the need to ensure user safety. There is, however, a lack of guidance for the design 
of safe human-device interfaces regarding mechanical loading of the user’s body, 
especially for the new generation of soft exoskeletons.
As excessive mechanical loading can lead to soft tissue injury, attempts have been made to 
establish safe thresholds for the external mechanical loading of tissues. These thresholds 
have been based on interface pressures at load-bearing sites of the body, but recent studies 
have shown that the relationship between interface pressure and internal stress is not 
linear (Reenalda et al. 2009). Internal stress is highly dependent on the nature of the 
intervening soft tissues, e.g. their thickness (Sangeorzan et al. 1989; Tamez-Duque et al. 
2015), tone (Sangeorzan et al. 1989; Linder-Ganz and Gefen 2009b), mechanical stiffness 
(Oomens et al. 2010) and integrity (Sangeorzan et al. 1989), as well as the proximity of bony 
prominences (Sangeorzan et al. 1989; Agam and Gefen 2007; Oomens et al. 2010; Tamez-
Duque et al. 2015). Moreover, injury thresholds differ for skin, adipose tissue and muscle, 
with the lowest threshold for muscle (Agam and Gefen 2007). Thus a safe threshold based 
solely on interface pressure is not acceptable (Bouten et al. 2003; Agam and Gefen 2007; 
Reenalda et al. 2009; Oomens et al. 2010). Because measurement of internal pressure is 
technically and ethically challenging (Reenalda et al. 2009), several other techniques 
have been used in combination with interface pressure measurements.
The authors propose that pain and discomfort studies using pressure algometry could 
be a relevant approach to study tissue exposures to mechanical stress for soft robotics 
applications and wearable robots generally, as pain is the most direct reaction of the human 
body to excessive external loads (Mak et al. 2001). Moreover, pressure-induced muscle pain 
is mainly related to strain (Manafi-Khanian et al. 2016), and is considered a good indicator 
of potential tissue damage caused by excessive pressure exposures (Pons 2008). 
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In a previous review (Kermavnar et al. 2018a), we proposed that the findings of studies 
on computerised pneumatic Cuff Pressure Algometry (CPA) be used to establish 
indicative guidelines for acceptable levels of mechanical tissue compression in humans 
using wearable robots. CPA assesses the response of large volumes of deep somatic 
tissues to compression (Jespersen et al. 2007; Graven-Nielsen et al. 2015; Manafi-
Khanian et al. 2015; Manafi-Khanian et al. 2016), as induced by soft exoskeletons, and 
is a reliable method for quantitative sensory measurements and evaluation of central 
sensitisation (Polianskis et al. 2002a; Amris et al. 2010; Jespersen et al. 2013; Bartels and 
Danneskiold-Samsøe 2014; Christensen et al. 2014; Izumi et al. 2014; Graven-Nielsen et 
al. 2015; Soriano-Maldonado et al. 2016). Typically, two parameters of pain sensation 
are measured with algometry: the pressure magnitude at which pain occurs (Pain 
Detection Threshold – PDT), and the pressure magnitude that causes unbearable pain 
(Pain Tolerance Threshold – PTT) (Kermavnar et al. 2018a).
Our previous review (Kermavnar et al. 2018a) focused on healthy subjects’ pain 
thresholds, induced by CPA at the lower limb. We found that the mean PDTs ranged 
from 14-34 kPa and the mean PTTs from 37-91 kPa. However, Pressure-Pain Thresholds 
(PPTs) and pain-related physiological mechanisms differ significantly between healthy 
subjects and patients with chronic pain. We are unaware of any prior review studies of 
the corresponding values for patients, especially those with chronic pain.
Chronic pain has been recognized as pain that persists past normal healing time, 
usually more than 3 to 6 months (Merskey and Bogduk 1994), and hence lacks the acute 
warning function of physiological nociception (Treede 2013). Among the most widely 
studied subgroup of patients presenting with chronic widespread pain are patients 
with Fibromyalgia Syndrome (FMS) (Amris et al. 2010). Chronic pain is also common 
in Rheumatoid Arthritis (RA) (Christensen et al. 2014). In older adults, chronic pain is 
common (Johannes et al. 2010), and is found to be associated with an increased risk 
and intensity of frailty (Wade et al. 2015; Katie Fredrika Wade et al. 2016; K. F. Wade 
et al. 2016). Highly prevalent painful conditions at older age, such as Osteoarthritis 
(OA) are related to disability (Peat et al. 2001; Christmas et al. 2002), especially mobility 
limitations associated with impairments in balance and gait (Ling et al. 2003; Morone et 
al. 2009; Weaver et al. 2009; Arendt-Nielsen et al. 2011). Finally, chronic pain is estimated 
to occur among 40-67 % of patients after Spinal Cord Injury (SCI) (Störmer et al. 1997; 
Siddall et al. 2003; Werhagen et al. 2004; Finnerup et al. 2014), who are the target users 
of many wearable gait-assistive devices.
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Clinical studies have demonstrated that patients with chronic pain exhibit hyperalgesia 
to mechanical stimulation (Jespersen et al. 2007; Arendt-Nielsen et al. 2010; Aranda-
Villalobos et al. 2013; Christensen et al. 2014), even when the stimulus is applied at an 
unaffected site (generalised hyperalgesia) (Arendt-Nielsen et al. 2011), and even after 
the primary cause of pain has disappeared (Graven-Nielsen and Arendt-Nielsen 2010; 
Arendt-Nielsen et al. 2011; Bartels and Danneskiold-Samsøe 2014; Christensen et al. 
2014). Namely, persistent pain can cause changes in the facilitation and/or inhibition 
of pain by the central nervous system, that can significantly modulate the efficacy of 
signal transfer at spinal synapses and thus the experience of pain (descending pain 
modulation; Figure 12) (Bingel et al. 2008). These changes can lead to central sensitisation, 
i.e. spinal hyperexcitability (Schaible 2007), that may involve an imbalance between 
the descending pain-modulatory systems, as well as reorganisation of the higher brain 



















impaired inhibition of synaptic transfer
Central sensitisation
reorganisation of higher brain centres
Peripheral sensitisation
increased recruitment of nociceptors 
due to cytokine release
Figure 12: Descending pain modulation.
Central sensitisation results in reduced pain thresholds and pain amplification 
(Latremoliere and Woolf 2009); however, pressure-pain thresholds alone do not 
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differentiate between central and peripheral sensitisation (Christensen et al. 2014). 
Therefore, additional tests are used to evaluate changes in central pain modulation 
that result in generalised hypersensitivity.
Spatial and temporal summation of pain are normal phenomena, and their magnitude 
depends on descending pain-facilitating systems (Staud et al. 2001; Price et al. 2002), 
therefore they are used for examinations of central pain facilitation (Graven-Nielsen 
et al. 2000; Price et al. 2002; Latremoliere and Woolf 2009; Arendt-Nielsen et al. 
2011; Graven-Nielsen et al. 2012; Jespersen et al. 2013; Vladimirova et al. 2015). Spatial 
Summation of Pain (SSP) is defined as an increased perception of pain at the same 
magnitude of mechanical stimulation when larger, compared with smaller areas of 
body tissue are stimulated (Figure 13a) (Greenspan et al. 1997; Defrin et al. 2003). This 
explains why pain is induced at lower pressures when compression is performed at 
the lower limb compared to the upper limb, and with wider compared to narrower 
pressure cuffs.
Temporal Summation of Pain (TSP) is defined as gradually increasing perception of 
pain that occurs when a series of identical painful stimuli is applied with a frequency 
above 0.3 Hz (Figure 13b) (Graven-Nielsen and Arendt-Nielsen 2008; Latremoliere and 
Woolf 2009; Anderson et al. 2013; Staud 2013; Graven-Nielsen et al. 2015; Vaegter et al. 
2015). A typical protocol of mechanically painful stimulation for evaluation of TSP is 
10 repeated stimuli with 1-second inter-stimulus interval (Graven-Nielsen and Arendt-
Nielsen 2010). The stimulation intensity and the initial stimulus being painful are 
important for evoking TSP (Finocchietti et al. 2012).
b)a)
Figure 13: The mechanism of (a) Spatial Summation of Pain (SSP) and (b) Temporal Summation of Pain (TSP).
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In the case of central sensitisation, SSP and TSP are facilitated, i.e., the perceived pain 
increases more prominently (SSP) or rapidly (TSP) with the applied stimuli (Figure 14). 
Facilitated SSP is found in patients with knee OA (Graven-Nielsen et al. 2012), and 
facilitated TSP in patients with chronic painful OA (Arendt-Nielsen et al. 2010), 
FMS (Staud et al. 2003), and whiplash-associated disorder (Lemming et al. 2012).
Figure 14: Pain intensity at (a) facilitated Spatial Summation of Pain (SSP) and (b) facilitated Temporal 
Summation of Pain (TSP) in patients with chronic pain.
A particular form of descending pain-inhibitory systems is the Conditioned Pain 
Modulation (CPM). In contrast to the pain-increasing effects of SSP and TSP, CPM 
results in reduced pain sensitivity in healthy subjects (Graven-Nielsen et al. 2015) when 
two painful stimuli are applied simultaneously (the ‘pain inhibits pain’ paradigm) 
(Pud et al. 2009; Yarnitsky 2010; Yarnitsky et al. 2010; Arendt-Nielsen et al. 2011; 
Imai et al. 2016). The testing of CPM is used to address the complex balance between 
the descending inhibition and facilitation of nociceptive processing (Graven-Nielsen 
et al. 2017) and the transition from acute to chronic pain (Yarnitsky et al. 2008). 
The general recommendation for testing is to use extra-segmental or contralateral 
sites, such as the upper arm and lower leg (Yarnitsky 2015; Yarnitsky et al. 2015). 
Previous studies have concluded that CPM is impaired in OA of the hip (Kosek 
and Ordeberg 2000) and knee (Arendt-Nielsen et al. 2010), in temporomandibular 
disorders (King et al. 2009), in fibromyalgia (Lautenbacher and Rollman 1997), and 
with increasing age (Pud et al. 2009; van Wijk and Veldhuijzen 2010).
This study is a systematic review of the literature on pressure-induced pain, as 
established by CPA, specifically in patients with chronic pain. We believe that CPA-
parameters can help identify the acceptable mechanical stress applied by gait-
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assistive robotic devices, in order to avoid user discomfort and soft-tissue damage. 
We also believe that patients with chronic pain are an important group of potential 
users of such devices, due to the mobility impairments often associated with their 
medical conditions. The purpose of this review is to gain insight into the acceptable 
levels of external pressure for soft robotic devices, as design guidance for potential 
patient end users.
4.2. Method
4.2.1. Literature Search and Study Selection
A systematic literature search was performed in May 2017, using the following databases: 
Academic Search Complete, AMED, Biomedical Reference Collection: Expanded, 
CINAHL®Complete, CINAHL Plus® with Full Text, General Science Full Text™, 
MEDLINE, PsycARTICLES®, PsycINFO®, Scopus, and SPORTDiscus with Full Text. The 
keywords used to identify articles of interest were "cuff”, “algometry" and "patient". 
Results not reporting on quantitative sensory testing performed by cuff algometry, or 
not including patients with chronic pain were excluded. Figure 15 illustrates the search 
and screening process. A second reviewer repeated the search and screening process to 
ensure that the process was accurate and repeatable.
4.2.2. Data Extraction and Synthesis
Data extracted from the selected studies included: 1) the patients' characteristics (age, 
sex, anthropometric characteristics and medical condition), 2) the assessment methods 
(tourniquet cuff characteristics and positioning, compression rates and durations, 
pain-intensity rating, etc.), 3) the variables studied, and 4) the findings of the study.
The relevant independent variable was pneumatic cuff inflation pressure, and the 
relevant dependent variables were PDT and PTT. Other variables, especially TSP and 





































Figure 15: Literature search and study selection
4.3. Results
4.3.1. Participants
The search identified 18 relevant studies, 7 of which also included healthy controls 
(Jespersen et al. 2007; Graven-Nielsen et al. 2012; Lemming et al. 2012; Jespersen et al. 
2013; Vladimirova et al. 2015; Rathleff 2016; Petersen et al. 2017). Four studies were of 
patients with chronic widespread pain or fibromyalgia (Jespersen et al. 2007; Amris 
et al. 2010; Lemming et al. 2012; Amris et al. 2014), 8 studies were of patients with 
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osteoarthritis (Graven-Nielsen et al. 2012; Skou et al. 2013a; Skou et al. 2013b; Henriksen 
et al. 2014; Petersen et al. 2016; Soriano-Maldonado et al. 2016; Petersen et al. 2017; 
Vaegter et al. 2017a), and then individual studies were of patients with rheumatoid 
arthritis (Vladimirova et al. 2015), chronic musculoskeletal pain (Vaegter et al. 2016), 
chronic back pain (Vaegter et al. 2017b), chronic pain of different etiologies (Vaegter and 
Graven-Nielsen 2016), lateral epicondylalgia (Jespersen et al. 2013), and patellofemoral 
pain (Rathleff 2016). Six studies included only females (Jespersen et al. 2007; Lemming 
et al. 2012; Jespersen et al. 2013; Amris et al. 2014; Vladimirova et al. 2015; Rathleff 2016), 
and the remaining 12 studies involved both male and female participants. The mean 
age of participants was 60+ years in 8 studies (Graven-Nielsen et al. 2012; Skou et al. 
2013a; Skou et al. 2013b; Henriksen et al. 2014; Petersen et al. 2016; Soriano-Maldonado 
et al. 2016; Petersen et al. 2017; Vaegter et al. 2017a), and under 40 years of age in 4 
studies (Lemming et al. 2012; Jespersen et al. 2013; Vladimirova et al. 2015; Rathleff 2016). 
Fourteen studies reported the mean BMI (Amris et al. 2010; Jespersen et al. 2013; Skou 
et al. 2013a; Skou et al. 2013b; Amris et al. 2014; Henriksen et al. 2014; Petersen et al. 
2016; Soriano-Maldonado et al. 2016; Vaegter et al. 2016; Petersen et al. 2017; Vaegter et 
al. 2017a; Vaegter et al. 2017b) or the weight and height (Lemming et al. 2012; Rathleff 
2016) of the participants, and two studies reported the mean circumference of the limb 
studied (Jespersen et al. 2007; Lemming et al. 2012).
4.3.2. Assessment methods
All studies were performed on the lower leg, and 2 also on the upper limb (Lemming et 
al. 2012; Jespersen et al. 2013). CPA was performed using a 13 cm wide double-chamber 
tourniquet cuff in 15 studies, 6 studies additionally used only one chamber to assess 
SSP (Graven-Nielsen et al. 2012; Lemming et al. 2012; Jespersen et al. 2013; Skou et al. 
2013a; Skou et al. 2013b), and one also used a single-chamber tourniquet (Petersen et al. 
2017). Three studies (Henriksen et al. 2014; Vladimirova et al. 2015; Soriano-Maldonado 
et al. 2016) did not describe the tourniquet cuff used.
Participants in all studies rated their pressure-induced pain intensity on an electronic 
Visual Analogue Scale (VAS), with 0 indicating “no pain” and 10 cm “maximal pain”. All 
ratings were recorded at 10 Hz. PDT was defined as the inflation-pressure magnitude when 
the rating on VAS either exceeded 0 cm (Jespersen et al. 2007; Amris et al. 2010; Graven-
Nielsen et al. 2012; Lemming et al. 2012; Jespersen et al. 2013; Vladimirova et al. 2015), 
was equal to 1 cm (Rathleff 2016; Vaegter and Graven-Nielsen 2016; Vaegter et al. 2016; 
Vaegter et al. 2017a), or exceeded 2 cm (Petersen et al. 2016; Petersen et al. 2017; Vaegter 
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et al. 2017b). 5 studies did not explicitly define the rating on the VAS when PDT occurs 
(Skou et al. 2013a; Skou et al. 2013b; Amris et al. 2014; Henriksen et al. 2014; Soriano-
Maldonado et al. 2016).
In 8 studies, single-point pressure algometry was performed in addition to CPA (Graven-
Nielsen et al. 2012; Skou et al. 2013a; Skou et al. 2013b; Petersen et al. 2016; Rathleff 2016; 
Vaegter et al. 2016; Petersen et al. 2017; Vaegter et al. 2017a). Other tests were performed 
in some studies, such as assessment of maximal isokinetic muscle strength (Jespersen 
et al. 2007; Vaegter et al. 2016), manual tender point examination and tender point 
count (Jespersen et al. 2007; Amris et al. 2010), myalgic score (Jespersen et al. 2007), 
questionnaires to assess depression, anxiety, and pain catastrophizing (Jespersen et 
al. 2007; Amris et al. 2010), self-reporting of somatosensory symptoms of neuropathic 
pain (Amris et al. 2010), thermal pain sensitivity (Vaegter and Graven-Nielsen 2016; 
Vaegter et al. 2017b), exercise-induced hypoalgesia (Vaegter et al. 2016; Vaegter et al. 
2017a), cold-pressor test (Vaegter et al. 2016; Vaegter et al. 2017a), and provocation tests 
with hypertonic saline solution (Lemming et al. 2012), but these are beyond the scope 
of this systematic review.
4.3.3. Variables studied
The current review was primarily of PDT and PTT considering the context of soft-
robotics/soft exoskeleton applications. 4 studies reported only PDTs (Graven-Nielsen 
et al. 2012; Skou et al. 2013a; Henriksen et al. 2014; Soriano-Maldonado et al. 2016), and 
the remainder both PDTs and PTTs. 4 studies also assessed Spatial Summation of Pain 
(SSP) (Graven-Nielsen et al. 2012; Lemming et al. 2012; Jespersen et al. 2013; Skou et al. 
2013a), 13 studies Temporal Summation of Pain (TSP) (Lemming et al. 2012; Jespersen et 
al. 2013; Skou et al. 2013a; Skou et al. 2013b; Henriksen et al. 2014; Vladimirova et al. 2015; 
Petersen et al. 2016; Rathleff 2016; Soriano-Maldonado et al. 2016; Vaegter and Graven-
Nielsen 2016; Vaegter et al. 2016; Petersen et al. 2017; Vaegter et al. 2017b), and 8 studies 
Conditioned Pain Modulation (CPM) (Aranda-Villalobos et al. 2013; Skou et al. 2013a; 
Skou et al. 2013b; Petersen et al. 2016; Rathleff 2016; Vaegter and Graven-Nielsen 2016; 
Petersen et al. 2017; Vaegter et al. 2017b).
Nine studies reported the results in the form of Mean ± SD and nine studies as Mean 
± SEM. Five studies (Graven-Nielsen et al. 2012; Skou et al. 2013b; Petersen et al. 2016; 
Rathleff 2016; Petersen et al. 2017) only presented the results graphically, and in those 
instances the data were scaled and rounded to the closest whole number.
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4.3.4. Findings
The key mean values are rounded to the closest whole number and compared in Table 12. 
The studies reviewed are summarized and ordered chronologically in Table 13. 
Patients with chronic pain show significantly decreased pressure-induced pain 
thresholds on the lower leg compared to healthy participants (Jespersen et al. 2007; 
Graven-Nielsen et al. 2012; Lemming et al. 2012; Jespersen et al. 2013; Skou et al. 2013b; 
Vladimirova et al. 2015; Petersen et al. 2017). When using both chambers of a double-
chambered cuff at the lower leg, mean PDT ranged from 8.8 kPa (Amris et al. 2010) to 
34 kPa (Graven-Nielsen et al. 2012) in patients (and 16 kPa (Petersen et al. 2017) to 37 kPa 
(Rathleff 2016) in healthy controls), but 19 of the 28 mean PDT levels that were assessed 
across the studies in patients were under 20 kPa (median across the studies was 17.9 
kPa). Mean PTT levels ranged from 23 kPa (Petersen et al. 2016) to 75 kPa (Rathleff 
2016) in patients (and 34.2 kPa (Petersen et al. 2017) to 84 kPa (Rathleff 2016) in healthy 
controls), with 14 of the 24 assessed mean PTT levels for patients under 40 kPa (median 
across the studies was 38 kPa). For the upper limb, the mean PDT levels ranged from 
18.8 kPa (Lemming et al. 2012) to 25.3 kPa (Jespersen et al. 2013) in patients (and 24.9 
kPa (Lemming et al. 2012) to 36.8 kPa (Jespersen et al. 2013) in healthy controls), and 
mean PTT levels from 47.9 kPa (Lemming et al. 2012) to 76.1 kPa (Jespersen et al. 2013) in 
patients (and 65.7 kPa (Lemming et al. 2012) to 90.5 kPa (Jespersen et al. 2013) in healthy 
controls). PDTs and PTTs were significantly higher for the upper limb than the lower 
limb when compared within the same individuals in one study (Lemming et al. 2012). 
Despite the different pressure levels at PTT, no significant difference in pain rating on 
the VAS at PTT was found between patients and healthy controls, suggesting similar 
experience of pain intensity at the point where pain becomes unbearable (Jespersen et 
al. 2007; Lemming et al. 2012).
TSP in patients ranged from normal (Rathleff 2016) to facilitated (Lemming 
et al. 2012; Vladimirova et al. 2015; Petersen et al. 2017), and CPM ranged from 
preserved (Lemming et al. 2012; Skou et al. 2013b) to impaired (Skou et al. 2013b; 
Rathleff 2016). A higher degree of TSP was found in patients with longer lasting 
pain (Jespersen et al. 2013). Significantly higher PDT and PTT were found during 
single-chamber compression compared to double-chamber compression, indicating 
SSP (Lemming et al. 2012; Skou et al. 2013b). One study only found significant SSP in 
healthy controls, but not in patients (Jespersen et al. 2013). Age was found to correlate 
significantly negatively with pressure-pain thresholds but not TSP or CPM, indicating 
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that increasing age may mainly affect the peripheral nociceptive system and to a lesser 
extent the central nociceptive mechanisms (Petersen et al. 2017).
Single-point algometry results showed significant differences in PPTs in relation to 
testing site: PPTs on the affected side were significantly lower than contralaterally 
(Graven-Nielsen et al. 2012; Jespersen et al. 2013).
Table 12: Summary of PDT, PTT and PPT data across the studies. The minimal and 
maximal values for patients are indicated in bold.
Reference n CPA Single-point
algometry
PDT (kPa) PTT (kPa) PPT (kPa)
Patients Controls Patients Controls Patients Controls
(Jespersen et al. 2007) 64 15 20 34 44 - -
(Amris et al. 2010) 81 9 - 31 - - -
(Lemming et al. 2012) 35 18 - 23 23 - 29 39 - 52 50 - 62 - -
(Graven-Nielsen et al. 2012) 69 25 - 34 35 - 42 - - - -
( Jespersen et al. 2013) 60 21 - 23 25 - 36 51 - 62 56 - 80 - -
(Skou et al. 2013a) 17 9 - - - 419 - 469 -
(Skou et al. 2013b) 40 10 - 19 - 25 - 53 - - -
(Amris et al. 2014) 271 12 - 15 - 31 - 37 - - -
(Henriksen et al. 2014) 48 18 19 - - - -
(Vladimirova et al. 2015) 76 16 25 41 56 - -
(Vaegter et al. 2016) 61 18 - 29 - 46 - 58 - - -
(Soriano-Maldonado et al. 2016) 100 19 - - - - -
(Rathleff 2016) 40 31 37 75 84 285 - 376 317 - 455
(Vaegter and Graven-Nielsen 2016) 400 17 - 27 - 34 - 59 - - -
(Petersen et al. 2016) 103 10 - 18 - 23 - 35 - - -
(Petersen et al. 2017) 185 12 - 15 16 - 26 26 - 29 34 - 48 - -
(Vaegter et al. 2017b) 70 22 - 26 - 40 - 59 - - -
(Vaegter et al. 2017a) 14 19 - 24 - 46 - 50 - 289 - 577 -



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The literature search for this review specifically targeted studies of CPA on patients 
with chronic pain. The results of our search indicate that most of the research focused 
on middle- or older-age adults with chronic musculoskeletal pain or osteoarthritis. 
As these conditions also hamper mobility, we believe these groups are a reasonable 
reflection of potential candidates for assistive soft exoskeletons for mobility.
4.4.2. Pressure-induced pain thresholds in patients with chronic pain
The studies reviewed reveal a common pattern in pressure-pain sensitivity in patients 
with chronic pain, indicating hypersensitivity to mechanical stimulation (Jespersen et 
al. 2007). When CPA was performed using both chambers of a double-chambered cuff 
at the lower leg, the mean PDT levels were under 20 kPa (median 17.9 kPa) for patients 
in 19 of 28 cases, and the mean PTT levels under 40 kPa (median 38 kPa) in 14 of 24 
cases. Compared to the PPTs of healthy participants, that we found in our previous 
review (PDTs typically 20-27 kPa, PTTs typically over 40 kPa) (Kermavnar et al. 2018a), 
these levels are notably lower, which needs to be considered by exoskeleton developers. 
On the other hand, higher pain sensitivity was found in the lower limb compared to 
the upper limb both in patients and healthy controls, and the rating of unbearable pain 
intensity on the VAS was similar between patients and healthy controls.
Generalized hyperalgesia was found in patients with widespread pain as well as patients 
with localized primary pain, indicating changes in central pain modulating mechanisms. 
Although these changes show heterogeneity across different diagnoses, in general 
facilitation of pronociceptive mechanisms (TSP) and impairment of antinociceptive 
mechanisms (CPM) was found, indicating central sensitisation. Because of central 
sensitisation, pain thresholds at all sites of the body are lower than normal, which 
needs to be considered when components of the exoskeleton interface with segments 
other than the lower limbs. However, no significant differences in SSP were found 
between healthy controls and patients, and the central pain-modulating mechanisms 
were not significantly influenced by increasing age in the studies reviewed.
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4.4.3. Differences across the reviewed studies
4.4.3.1. Pressure-induced pain thresholds
The reviewed studies report over threefold differences in patients’ PDTs (Amris et al. 
2010; Rathleff 2016) and PTTs (Petersen et al. 2016; Rathleff 2016), and over twofold 
differences in healthy controls’ PDTs (Rathleff 2016; Petersen et al. 2017) and PTTs 
(Rathleff 2016; Petersen et al. 2017). As the prominent outliers occur together in certain 
studies (Graven-Nielsen et al. 2012; Rathleff 2016; Vaegter et al. 2016; Petersen et al. 
2017), and the thresholds differ largely among the healthy control groups as well, we 
expect that the differences might be mostly due to the assessment methods and use of 
subjective rating scales.
4.4.3.2. Assessment methods
The assessment of TSP differed among the studies according to the number and duration 
of the mechanical stimuli and the magnitude of compression. The tonic stimuli lasted 
6-10 minutes and their magnitude was set to either 25 kPa, 125 % of PDT or the mean 
between the assessed PDT and PTT. The 6-minute tonic stimulation was therefore 
performed at 22.8-23.9 kPa of compression, and the 10-minute tonic stimulation was 
performed at 28.5-63.7 kPa of compression. The intermittent stimulation consisted of 
10 consequent compressions of different magnitudes and durations. Stimulations that 
lasted 1 second were performed at either the mean value of PDT and PTT (16.5-58.8 
kPa), or at PTT (40.2-75 kPa); the 2-second stimulation was performed at PTT (46.3-57.6 
kPa). The inter-stimulus intervals ranged from 1 to 2 seconds. As sustained constant 
pressure was previously shown to result in adaptation to pain in healthy adults, whereas 
oscillating pressure caused an increase in pain intensity with time,(Polianskis et al. 
2002b; Graven-Nielsen et al. 2015; Vaegter et al. 2015) the comparison of these results 
may not be adequate.
4.4.3.3. Terminology and definition of pressure-induced pain thresholds
As discussed in our previous systematic review (Kermavnar et al. 2018a), the terminology 
and definitions of measured parameters in CPA need to be standardized. In the articles 
reviewed, the pressure magnitude at which pain occurs was termed Cuff Pressure-Pain 
Threshold (cPPT, Cuff PPT), Mild Pain Detection Threshold (MPDT), or Pain Detection 
Threshold (PDT); and the pressure magnitude that causes unbearable pain was termed 
Cuff Pressure-Pain Tolerance (cPTT, Cuff PTT), or Pain Tolerance Threshold (PTT). 
Moreover, PDT was defined as the pressure magnitude when the rating on VAS either 
exceeded 0 cm, was equal to 1 cm, or exceeded 2 cm, and 5 studies did not explicitly define 
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the rating on VAS at PDT. To enable comparison of the results across studies, we propose 
that experimental procedures and scientific reports follow a well-defined standard.
4.4.4. CPA-derived guidance for the development of exoskeletons
With the aim to provide practical guidelines for an ergonomical design of the physical 
human-robot interface, different methods have been employed so far, ranging from 
animal studies, computer simulations, artificial tissue testing, human cadaveric tissue 
testing and usability testing on humans. Computer simulations of human-robot 
interactions and experiments performed on artificial or cadaveric tissues lack the 
presence of functional anatomical structures, such as nerves, blood and lymph vessels, 
and homeostatic mechanisms of human beings. Therefore, while efficiently simulating 
the gross biomechanics of human-robot interactions (Silva et al. 2010; Andersen et al. 
2013; de Kruif et al. 2017; Zhou et al. 2017), they provide little information about the 
effects of mechanical loading on living tissues.
Very few published studies are available where testing of wearable devices was performed 
on humans in vivo. The majority of them focus on the measurement of interface 
pressures alone (De Rossi et al. 2010; Tamez-Duque et al. 2015) and offer little insight 
into the effects of external loading on comfort perception and soft tissue viability. 
We were only able to find one report where perceived pressure was rated (Huysamen 
et al. 2018), and one report where algometry was performed in the context of tissue 
loading by wearable devices (Pons 2008). In the latter study, pressure sensitivity was 
assessed at 9 anatomical points on the lower limb using single-point algometry and 
large differences between them were found, with PDTs ranging from 282-628 kPa. As 
discussed in our previous paper, the author emphasized that the limits were not valid 
for a sustained, non-punctual external loading.
As pain is a good indicator of potential tissue damage caused by overpressure (Pons 
2008), CPA is possibly the most relevant method to use to inform soft exoskeleton design. 
However, it does not provide insight into the pre-pain discomfort perception or the 
influence of cyclical compression during walking. Therefore, we propose a modification 
of this method to better simulate the loading of soft tissues during the use of wearable 
robots that apply intermittent pressure (e.g., to promote movement of joints) or tonic 
pressure (e.g., to inhibit movement of joints) to the lower limbs for longer durations. 
Moreover, wearable devices should not cause pain nor discomfort, therefore we suggest 
adapting algometry to measuring discomfort. Further research is needed to understand 
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whether the described physiological mechanisms of pain perception apply to the 
perception of discomfort as well. Finally, we acknowledge that the reported PDTs and 
PTTs represent cuff-inflation pressures and not the interface pressure. Although both 
have been found to be directly related (Ernst et al. 1986) and to not differ significantly 
when using a 6 cm wide cuff (Manafi-Khanian et al. 2016), the exact relationship between 
cuff-inflation and interface pressure still needs to be established. 
4.4.5. Limitations
The present review summarizes pain-inducing pressure thresholds achieved by CPA in 
patients with chronic pain. We propose that these results can help inform safe thresholds 
for circumferential compression of the lower limbs in potential wearable robotics users. 
However, the pressures reported are cuff-inflation pressures and not interface pressures, 
and the exact relationship between the two still needs to be further studied. Moreover, 
CPA studies focus on painful mechanical loading of tissues and do not provide insight 
into the pre-pain discomfort perception which is the point of interest in wearable robotics 
design. Finally, CPA testing is performed in static conditions with the participant in a 
supine position, and with compression of short durations, thus more research is needed to 
understand the development of discomfort during longer durations of cyclical compression 
in the upright position, as applied during the use of soft lower-limb exoskeletons.
4.5. Conclusions
For this review, we identified 18 studies where computerized cuff pressure algometry 
was performed on patients with chronic pain. Most of the patients identified were 
middle- or older-age adults with chronic musculoskeletal pain or osteoarthritis.
The patients’ mean levels for PDT at the lower leg were typically under 20 kPa (median 
17.9 kPa), and the mean PTT levels under 40 kPa (median 38 kPa), which is notably 
lower than the pressure-induced pain thresholds of healthy participants (PDTs 
typically 20-27 kPa, PTTs typically over 40 kPa) (Kermavnar et al. 2018a). Significantly 
higher pain sensitivity was found in the lower limb compared to the upper limb, 
and with wider tourniquet cuffs. Furthermore, in patients both sustained constant 
pressure and oscillating pressure caused an increase in pain intensity with time. As 
patients with chronic pain are potential candidates for gait-assistive soft exoskeletons, 
hypersensitivity to pressure-induced pain needs to be considered when designing the 
physical human-device interface.
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The results acquired by cuff pressure algometry give important insight into the 
relationship between external loading and pain in patients with chronic pain. We believe 
that a modification of this method could be used to gain insight into the development 
of discomfort during longer durations of cyclical compression, which may occur when 
soft robotics are used for wearable assistive device applications. 
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Chapter 5. Muscle NIRS and vascular occlusion technique: 
 methodological review and application to  
 exoskeleton assessment
Purpose: The aim of this study was to review the methodologies and recommendations 
for best practice in muscle-oxygenation measurement during circumferential 
compression at the limb.
Background: NIRS is a promising method for muscle-oxygenation monitoring to 
prevent discomfort and soft tissue injury. It enables relatively inexpensive, non-
invasive, continuous real-time assessment of oxygen saturation in deeper layers of soft 
tissue. However, there is a lack of standardisation regarding the use of this technology, 
and hence a need for a review of methodological approaches to non-invasive muscle 
oxygenation measurements during vascular occlusion by circumferential compression. 
Novelty and contribution to knowledge: This chapter presents an updated set of 
guidelines for the use of the NIRS technique, and a possible way of using NIRS to assess 
the effects of soft exoskeletons on muscle tissue oxygenation, and prevent discomfort 
and soft tissue injury.
Submitted to: ‘Experimental Physiology’
The author of this thesis conceived the idea for the review, defined the search criteria, 
performed the search, collated the relevant papers and drafted the review paper.
99
Review 3: Muscle NIRS and vascular occlusion technique:  
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Purpose: Adequate oxygenation is crucial for tissue viability, and this is a distinct 
concern during long-term tissue compression as in during soft exoskeleton use. Several 
techniques have been developed for assessing the oxygenation of superficial tissues, 
but there is a need for monitoring deep tissue oxygenation as well. Near-Infrared 
Spectroscopy (NIRS) has made it possible to monitor muscle tissue oxygenation, and, 
in combination with a Vascular Occlusion Test (NIRS-VOT), muscle microcirculatory 
function as a response to ischemia. Attempts have been made to standardise the NIRS-
VOT and thus enable comparison between studies, however, no recent updates have 
been provided. The aim of this study was to conduct a methodological review of recent 
NIRS-VOT muscle studies, performed on healthy participants.
Methods: A systematic search was performed in Academic Search Complete, 
Biomedical Reference Collection: Expanded, CINAHL® Complete, MEDLINE, Scopus, 
and SPORTDiscus with Full Text. Two reviewers performed the search and screening 
process. Data were extracted, summarised in tables, analysed and critiqued, based on 
previously reported methodological considerations.
Results: Fourteen papers were reviewed regarding participants’ characteristics, 
experimental set-up, the vascular occlusion test protocol, the NIRS technique and 
simultaneous use of other methods. Underreporting of data and differences in 
experimental approaches were found.
Conclusions: There is still a need to standardise the NIRS-VOT method for experiment 
reproducibility and data comparability. Proposed are an updated set of guidelines for 
the use of the NIRS-VOT technique, and a possible way of applying NIRS to wearable-
devices design for prevention of discomfort and soft tissue damage.
Keywords: Near-infrared spectroscopy, vascular occlusion test, muscle, methodology, 
tissue oxygenation, wearable robot, exoskeleton.
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5.1. Introduction
Human tissue must be adequately oxygenated in order to remain viable. Insufficient 
microvascular perfusion and oxygenation have been found to cause cellular or tissue 
dysfunction and multiple organ failure (Svanberg et al. 2011). Localised areas of soft 
tissue breakdown are particularly common in individuals who are exposed to longer 
durations of tissue compression, e.g. patients who are confined to beds, chairs and/or 
wheelchairs for long durations, and people who wear prostheses or orthoses (Bouten 
et al. 2003), and lately also wearable robotic devices such as exoskeletons. Pressure-
related deep tissue injury has been associated with oxygen deprivation due to localised 
ischemia (Bouten et al. 2003; Stekelenburg et al. 2008), and to reperfusion injury 
(Herrman et al. 1999; Peirce et al. 2000). Thus, several attempts have been made to 
prevent soft tissue breakdown by identifying oxygen deprivation before irreversible 
damage occurs. Various techniques have been used that primarily focused on skin 
oxygenation and perfusion. However, more recent studies have found that skeletal 
muscle is least resistant of all tissues to pressure-induced damage (Nola and Vistnes 
1980) that can be potentially life threatening (Bouten et al. 2003; Agam and Gefen 2007). 
This contributed to the need for deep-tissue oxygenation monitoring.
Due to its ability to provide information about the deeper layers of soft tissue, Near-
Infrared Spectroscopy (NIRS) is recognised as a promising method to aid in assessing 
muscle tissue oxygenation. Furthermore, combined with a Vascular Occlusion Test 
(VOT), the NIRS-VOT technique provides information about the muscle microcirculatory 
function as a response to ischemia. However, NIRS has not yet been widely used in 
evaluating the effects of wearable worn devices compressing the limbs. Instead, safe 
thresholds for the external mechanical loading of soft tissues still tend to be based 
solely on interface pressures at load-bearing sites of the body, although researchers 
have acknowledged the limitations of this (Bouten et al. 2003; Agam and Gefen 2007; 
Reenalda et al. 2009; Oomens et al. 2010). Moreover, there is a need for standardisation 
of guidelines for using the NIRS-VOT technique, and to our knowledge, no recent 
updates have been published since the works of Gerovasili et al. (2010) and Ferrari 
et al. (2011). Thus, the purposes of this study were a) to review the methodologies of 
recent muscle studies using the NIRS-VOT technique, b) to provide an update to the 
existing guidance for use of the NIRS-VOT technique, and c) to propose good practice 
when using NIRS to assess potential soft tissue damage during testing of wearable 
technologies, in particular soft exoskeletons.
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5.1.1. Methods for monitoring soft tissue oxygenation
In the past, most techniques used for investigating soft tissue viability and oxidative 
metabolism have been invasive. In 1977, Frans Jobsis (Jobsis 1977) introduced Near-
Infrared Spectroscopy (NIRS) as a method for non-invasive, real-time and continuous 
monitoring of tissue oxygenation that could be used as a research tool to assess 
the oxidative status of brain and muscle in vivo (Boushel and Piantadosi 2000). 
Simultaneously, other optical techniques have evolved for non-invasive monitoring of 
tissue perfusion, e.g. laser Doppler imaging and tissue viability imaging, however their 
penetration depth is estimated to be less than 0.5 mm (Svanberg et al. 2011), therefore, 
the results obtained only apply to skin. On the other hand, magnetic resonance 
spectroscopy can provide information on the metabolic status of deep tissues at a 
cellular level (Cheung et al. 1994), but the extended measurement times, high costs, and 
limited portability render the method clinically impractical in many settings (Stranc et 
al. 1998). NIRS offers numerous advantages over these methods: it is quick and simple 
to perform, relatively inexpensive, causes little or no discomfort (Stranc et al. 1998), 
assesses oxygenation in muscle as opposed to more superficial tissue, and does not 
depend on maintenance of blood flow for operation (Hampson and Piantadosi 1988). 
Furthermore, the measurement was found to not be affected by motion artefacts, 
and thus enable direct and continuous assessment of tissue oxygen saturation during 
exercise (Mathieu and Mani 2007). However, widespread acceptance of this technology 
has been slow because of little or no standardisation for NIRS instrumentation use, 
signal processing and data analysis (Boushel and Piantadosi 2000; Ferrari et al. 2011).
5.1.2. Principles of NIRS
Light in the near-infrared spectrum (700-1000 nm) passes with relative ease through 
biological tissues, including bone, skin and muscle. Near-infrared light is emitted from 
a light source and follows a banana-shaped curve through the tissue to a detector probe 
(Chance et al. 1992). In the tissue, it is either absorbed by chromophores or reflected back 
to the skin surface where it is captured by the detector probe (Boushel and Piantadosi 
2000; Svanberg et al. 2011). 
The three main chromophores that absorb near-infrared light are vascular Haemoglobin 
(Hb), intracellular Myoglobin (Mb), and mitochondrial Cytochrome C Oxidase (Cyt) 
(Jobsis 1977). Their absorption spectra for near-infrared light are oxygen-dependent, 
which makes it possible to monitor relative changes in the concentration of their 
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oxygenated and deoxygenated forms by means of spectroscopic analysis (Boushel and 
Piantadosi 2000; Jue and Masuda 2013). Hb absorbs the most light of all chromophores, 
and the majority of the NIRS signal is derived from Hb (Boushel and Piantadosi 2000) 
in the microcirculation. However, NIRS cannot discriminate between arterial and 
venous compartments (Ferrari et al. 2004; Svanberg et al. 2011).
Spectroscopic analysis of the reflected near-infrared light provides information on 
concentrations or concentration changes of oxygenated (O2Hb) and deoxygenated 
Haemoglobin (HHb), which allows for the estimation and continuous monitoring of 
tissue oxygen saturation and total blood volume beneath the NIRS probe (Rådegran 
1999; Murthy et al. 2001; Svanberg et al. 2011). Namely, Tissue Haemoglobin Index 
(THI), also referred to as Total Haemoglobin (tHb) is a derived parameter, the sum 
of the concentrations of O2Hb and HHb in arbitrary units (Messere et al. 2017). It 
reflects the changes in tissue blood volume and can be considered an indirect measure 
of changes in local muscle blood flow or O2 supply (Ferrari et al. 2004; Cettolo et al. 
2007). Moreover, Tissue Oxygenation Index (TOI), also referred to as Tissue Oxygen 
Saturation (StO2) (Myers et al. 2006; Scholkmann et al. 2014), is a derived parameter, 
calculated as (Katayama et al. 2010): TOI (%) = (O2Hb/tHb) × 100. It reflects the dynamic 
balance of O2 supply by the muscle microcirculation and O2 consumption/demand by 
the muscle (McCully and Hamaoka 2000; Hamaoka et al. 2007). Hb difference (Hbdiff) 
is a derived parameter, also used as an index of tissue oxygenation. It is calculated 
as the difference between O2Hb and HHb concentration changes (Grassi et al. 1999): 
Hbdiff = Δ(O2Hb – HHb).
5.1.3. NIRS and Factors Affecting Measurements
5.1.3.1. Mode of operation
So far, several types of NIRS systems have been developed and are available commercially 
(Ferrari et al. 2011). Continuous-Wave Spectroscopy (CW)-based systems offer the 
advantages of low cost, relative technological simplicity and easy transportability 
(Ferrari et al. 2011). The most common commercially available NIRS devices use 
single-distance continuous-wave light (Jue and Masuda 2013). However, currently, the 
most widely used oximetry approach is Spatially-Resolved CW Spectroscopy (SRS-
CW) (Ferrari et al. 2011) that uses multiple source-detector distances to calculate the 
balance between tissue oxygen supply and demand (Suzuki et al. ; Quaresima et al. 
2001). Frequency-Resolved (FD)- and Time-Resolved Spectroscopy (TD)-based systems 
are more expensive, technologically complex and larger. They are the only methods to 
investigate spatial and temporal profiles of absolute changes in O2Hb, HHb and tHb 
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concentrations. However, the signal-to-noise ratio of measurements is low. A scaled 
absolute value for tHb can also be obtained by SRS-CW, but physiological conclusions 
should be drawn essentially on the basis of StO2 results, while also reporting tHb data 
(Ferrari et al. 2011).
5.1.3.2. Optode positioning and depth sensitivity
The penetration depth of near-infrared light into tissue is approximately equal to half 
the distance between the light source and detector (Chance et al. 1992). However, skin 
pigmentation under the optodes can diminish the NIRS signal due to light attenuation 
(Wassenaar and Van den Brand 2005). Therefore, darker pigmentation due to skin type 
should be taken into account, and probe position over large veins and haematomas should 
be avoided. The presence of oedema should also be considered when choosing probe 
placement, as it increases the distance between skin and muscle (Gerovasili et al. 2010).
Furthermore, subcutaneous Adipose Tissue Thickness (ATT) beneath the probe has 
been shown to reduce the NIRS signal intensity substantially (Yamamoto et al. 1998; 
M. Van Beekvelt et al. 2001). Yamamoto et al. (1998) reported a decrease of 50 % in 
absorbance when ATT increased from 5 mm to 10 mm, and a decrease of 25 % when 
ATT increased from 2.5 mm to 5 mm. Therefore, muscle NIRS testing has mostly been 
limited to lean individuals, predominantly men, as they tend to have a smaller ATT 
than women (Ferrari et al. 2011). It has not yet been thoroughly established if sex could 
affect NIRS, but differences in NIRS parameters have been described between men and 
women (Van Beekvelt et al. 2001; Ubbink and Koopman 2006; Siafaka et al. 2007).
5.1.3.3. Optode-skin coupling
Sweating, hairy skin and mechanical factors can cause decoupling of optodes from 
the skin during studies. Ferrari et al. (2011) recommend the use of double-sided 
adhesive tape and bandage to ensure stable contact of the optodes with the skin, and 
prevent the ambient light from interfering with the NIRS results. The bandage should, 
however, apply as little pressure as possible, so as to not cause excessive pressure on 
the microvasculature of the underlying tissue, which might obstruct the flow of blood 
(Gerovasili et al. 2010).
5.1.3.4. Skin blood flow
The contribution of skin perfusion between the NIRS probe and muscle has been shown 
to be less than 5 % of the total signal strength in the human forearm when light pressure is 
applied to the skin with the optodes (Hampson and Piantadosi 1988). Even during prolonged, 
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dynamic exercise, where skin and muscle blood flow were elevated concomitantly, 
changes in StO2 were found to predominantly reflect muscle oxygenation (Tew et al. 
2010). Nevertheless, it is advised that ambient temperature be appropriately adjusted and 
constant throughout measurements (Gerovasili et al. 2010), as low temperature was found 
to cause vasoconstriction (Lintu et al. 2006) that can alter the StO2 value and the response 
of microcirculation to ischaemic stimuli (Gerovasili et al. 2010).
In addition to the factors detailed above, other factors also affect NIRS. Mental 
stress and/or pain have been shown to affect microcirculation (Sherwood et al. 1999; 
Gerovasili et al. 2010), however, their influence on NIRS measurements has not been 
evaluated (Gerovasili et al. 2010). Certain types of medication have also been shown to 
affect microcirculation as assessed by NIRS (Sarkar et al. 2006; Nanas et al. 2008), as 
has cigarette smoking (Siafaka et al. 2007).
5.1.4. NIRS Muscle Studies
NIRS has been applied for evaluating muscle function in static conditions and during 
exercise, and performed on healthy subjects, as well as patients with cardiovascular, 
pulmonary, neuromuscular, renal disorders and critically ill patients. Skeletal muscles 
most commonly investigated by NIRS include (Ferrari et al. 2011): (1) lower limb: 
m. rectus femoris, m. vastus lateralis, m. vastus medialis, m. biceps femoris, m. tibialis 
anterior, m. gastrocnemius; (2) upper limb: m. biceps brachii, m. triceps brachii, 
m. deltoideus, m. brachioradialis, mm. flexores carpi; (3) trunk: m. erector spinae, 
mm. paravertebrales, mm. intercostales, m. serratus anterior.
In 2011, Ferrari et al. published a review of NIRS muscle studies performed between 
2007 and the end of 2010, and created a list of recommendations for proper use of NIRS 
instrumentation. Their observations were related to the absolute quantification value of 
NIRS measures, optode positioning, depth sensitivity, investigated muscle volume and 
measurement points, muscle shape changes during exercise, optode-skin coupling/sliding, 
ATT, skin blood flow changes over the exercising muscle, exercise and experimental set-
up description, kinematic motor performance, data analysis, and the use of multi-modal 
studies. A key issue they raised was the lack of standardisation already mentioned.
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5.1.5. The NIRS-VOT Technique
Many experimental approaches have been devised to evaluate the effects of ischemia on 
skeletal muscle energy metabolism, as histologic changes in muscle appear to develop 
quite slowly after the onset of tourniquet ischemia (Hampson and Piantadosi 1988). The 
NIRS-VOT technique employs a provocative test to evaluate microcirculatory function, 
where StO2 is measured on a site distal to a pneumatic tourniquet cuff during transient 
rapid vascular occlusion (Gómez et al. 2009). After the threshold is reached, the cuff 
is deflated and the StO2 is allowed to recover (Gómez et al. 2009). Figure 16 represents 























Figure 16: Typical changes in NIRS parameter values during and after vascular occlusion (adapted 
from Kragelj et al. (2000)). V – venous obstruction; A+V – arterial and venous obstruction; O2Hb – oxygenated 
haemoglobin; HHb – deoxygenated haemoglobin; tHb – total haemoglobin; StO2 – muscle tissue oxygenation.
During occlusion, StO2 decreases and the slope of the decrease (i.e. the rate of 
deoxygenation) reflects the local metabolic rate and tissue oxygen extraction (Boushel 
and Piantadosi 2000; Gómez et al. 2009; Gerovasili et al. 2010). The deprivation of oxygen 
and nutrient supply causes regional vasodilation, which after the release of the cuff 
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leads to reactive hyperaemia, causing a rapid increase in O2Hb and a washout of HHb. 
The degree of reactive hyperaemia depends on the ability of the microcirculation to 
respond adequately to an ischemic stimulus (Gerovasili et al. 2010). The slope of the 
increase in the StO2 (i.e. the rate of reoxygenation) reflects the local microvascular 
recruitment (Boushel and Piantadosi 2000; Gómez et al. 2009; Gerovasili et al. 2010). 
The hyperaemic response is evaluated as the area under the curve above baseline StO2 
values after the release of the occlusion, and has been used as an estimate of vascular 
reserve (Gerovasili et al. 2010). Figure 17 represents the time curve of typical changes 


















Figure 17: Typical changes in StO2 during VOT (adapted from Martin et al. (2013)). AUC – Area Under the Curve.
Gerovasili et al. (2010) advise that in applying the NIRS-VOT technique, a muscle of the 
limb should be chosen that is relatively superficial, easy to access, and allows placement 
of a pneumatic cuff proximal to the NIRS probe. Examples at the lower limb include 
m. vastus lateralis (Shibuya and Tanaka 2003), m. gastrocnemius (Wang et al. 2016), 
m. tibialis anterior and muscles of the distal foot (Kragelj et al. 2001).
Before occlusion, the participant should be rested in a comfortable position for at least 
15 min. After rest, they should be placed semi-supine to prevent the influence of gravity 
on blood flow and the accumulation of venous blood. A pneumatic cuff is then placed 
proximally to the probe and inflated to a pressure above the systolic blood pressure, 
causing arterial and venous occlusion (Gerovasili et al. 2010). The inflation should be 
rapid as to avoid tourniquet-induced venous congestion.
The inflation pressure could be either predefined, e.g. 200 mmHg (Parežnik et al. 2006), 
220 mmHg (Hicks et al. 1999), 230 mmHg (Shang et al. 2012), 250 mmHg (Murthy et al. 2001), 
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260 mmHg (Van Beekvelt et al. 2001), or a pressure 30-50 mmHg above the systolic 
blood pressure of the subject (Kragelj et al. 2001; Wang et al. 2016). However, according 
to Braithwaite and Klenerman’s modification of Bruner’s ten rules for the safe use 
of tourniquet in surgery (Braithwaite and Klenerman 1996), cuff size and inflation 
pressures to achieve ischemia differ depending on the placement of the cuff. At the 
upper arm, the cuff should be 10 cm wide and inflated to 50-100 mmHg above systolic 
blood pressure or 200-250 mmHg; and at the mid/upper thigh, it should be at least 15 
cm wide and inflated to double systolic blood pressure or 250-350 mmHg. More recent 
studies stress that the actual amount of tourniquet pressure required for complete 
arterial occlusion varies across individuals depending on their sex, limb circumference, 
BMI, ATT, mean arterial pressure, and architecture features of the muscle (Wernbom 
et al. 2006; Ishii et al. 2008; Noordin et al. 2009; Shadgan et al. 2012; Hunt et al. 2016).
For any given limb circumference, the tourniquet pressure required to stop arterial 
blood flow decreases inversely as the width of the tourniquet cuff increases (Graham 
et al. 1993). In fact, Graham et al. (1993) found that it was in the subsystolic range at a 
cuff width to limb circumference ratio above 0.5. Therefore, for larger limbs, the use of 
larger cuffs is preferred to increasing pressure (Kutty and McElwain 2002).
Recently, it has been proposed that Limb Occlusion Pressure (LOP) be utilised to 
calculate the tourniquet inflation pressure. LOP is defined as the minimum pressure 
required, at a specific time by a specific tourniquet cuff applied to a specific patient’s 
limb at a specific location, to stop the flow of arterial blood into the limb distal to the 
cuff (Noordin et al. 2009).
Vascular occlusion is performed for either a defined time interval or until the StO2 
decreases to a defined minimal threshold (Gómez et al. 2009). The release of the cuff 
should be performed as quickly as possible, and adequate time should be allowed for 
the recording of the reactive hyperaemia until the return of StO2 to baseline values 
(Siafaka et al. 2007).
This study builds on the previous work of Ferrari et al. (2011) and Gerovasili et al. (2010) 
by comparing their recommendations for NIRS muscle studies and the use of NIRS-VOT 
technique respectively to the methodological aspects of recent studies. We performed 
a methodological review of NIRS-VOT muscle studies on healthy participants since the 
year 2000, and analysed their findings with the aim of providing updated guidance 
for the use of the NIRS-VOT technique. The focus of our review was on defining the 
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methodological characteristics to employ for most accurate NIRS-VOT, therefore it was 
limited to studies of healthy participants, as different disease states would introduce 
additional variables to consider.
5.2. Method
5.2.1. Literature Search and Study Selection
A systematic literature search was performed in May 2018, using the following databases: 
Academic Search Complete, Biomedical Reference Collection: Expanded, CINAHL® 
Complete, MEDLINE, Scopus, and SPORTDiscus with Full Text. Articles of interest 
were identified based on the presence of the following keywords in the title, abstract or 
keywords: “near infrared spectroscopy”, “vascular occlusion” and “muscle”. Excluded 
were terms “brain”, “cerebral” and “patient”. The search was limited to publications 
after the year 2000 and gave 46 results. 27 studies were duplicates, one was an animal 
study, two studies were not performed with healthy subjects, one was a review article, 
and two articles were part of a journal’s correspondence section. These 33 studies were 
excluded; one study referenced in the remaining articles was included. Ultimately, 14 
papers were reviewed. Figure 18 illustrates the search and screening process. A second 
reviewer repeated the search and screening process to ensure that the process was 
accurate and repeatable.
5.2.2. Data Extraction and Synthesis
In this review, we adopted a two-phase approach. First, the following data was extracted 
from the selected studies: 1) the participants’ characteristics (age, sex, anthropometric 
characteristics, medical condition) and exclusion criteria, 2) experimental set-up 
description (participant body position and activity, environmental factors), 3) the 
vascular occlusion test methods (pneumatic cuff position and size, inflation pressure, 
inflation rate, inflation pattern), 4) the NIRS technique (instrumentation, inter-optode 
distance/penetration depth, optode positioning, parameters studied, control site), and 
5) additional measurements. Next, the extracted data were analysed and critiqued, 
based on previously reported methodological considerations for NIRS and NIRS-VOT 
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Figure 18: Literature search and study selection. 
5.3. Results
The studies reviewed are summarised and ordered chronologically in Table 14. Data 
regarding the methodological approach were extracted according to Ferrari et al. (2011) 
for NIRS methodological considerations, Gerovasili et al. (2010) regarding NIRS-VOT 
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methodological considerations, and recommendations for safe pneumatic tourniquet 
use for the restriction of peripheral arterial blood flow in surgery (Braithwaite and 
Klenerman 1996; Noordin et al. 2009; Sharma and Salhotra 2012). Key findings are 
presented in Table 15.
 
Table 15: Reporting of methodological considerations in the studies reviewed.






Limb circumference 1 
Skinfold thickness (skinfold calipers) 2 
Adipose tissue thickness (skinfold calipers) 1 




Adipose tissue thickness 1 
Skin pigmentation 1 
Pregnancy 1 
Diet 2 
Food ingestion prior to testing 3 
Smoking 4 
Nicotine prior to testing 1 
Caffeine prior to testing 2 
Alcohol prior to testing 2 
Physical activity prior to testing 2 
Medications 7 
Local skin disease 2 
Musculoskeletal disease or injury 2 
Cardiovascular disease 7 













Detailed position 4 
Size 2 
INFLATION
Pressure - fixed 10 









Exact position 2 
Inter-optode distance/ Penetration depth 14 
0
ADDITIONAL MEASUREMENTS (Multimodal studies)
Blood glucose 2 
Blood gas analysis 1 
Blood flow (Doppler ultrasound) 1 










Muscle force/torque 1 
Perception of pain/muscle soreness/discomfort 0
In vivo reflectance confocal microscopy 1 
Venous occlusion plethysmography 1 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.3.1. Participants and experimental set-up description
Of the 14 studies, 5 included only males (McLay et al. 2016; Cunniffe et al. 2017; Morel 
et al. 2017; Soares et al. 2017; Bunevicius et al. 2018) and in one study, the sex of the 
participants was not reported (Kragelj et al. 2000). Two studies were performed 
on physically active people (Le Roux-Mallouf et al. 2017; Bunevicius et al. 2018), two 
compared trained to untrained participants (McLay et al. 2016; Soares et al. 2017), and 
one compared obese to non-obese participants (Soares et al. 2017a).
In 7 studies, the participants' weight and stature were reported (Gómez et al. 2009; 
Martin et al. 2013; Lee et al. 2015; McLay et al. 2016; Cunniffe et al. 2017; Le Roux-Mallouf 
et al. 2017; Soares et al. 2017b), and in 6 studies only BMI was reported (Mayeur et al. 2011; 
Martin et al. 2013; Soares et al. 2017; Soares et al. 2017a; Soares et al. 2017b; Bunevicius 
et al. 2018). Subcutaneous adipose tissue thickness was reported in 3 studies, either in 
the form of ATT (McLay et al. 2016) or skin fold thickness (Hyttel-Sorensen et al. 2014; 
Cunniffe et al. 2017). One study reported the investigated limb circumference (Cunniffe 
et al. 2017), and one the participants' skin type (Gómez et al. 2009).
Exclusion criteria were age, BMI, ATT, skin pigmentation, pregnancy, diet, smoking, food 
ingestion, nicotine, caffeine, alcohol or physical activity prior to testing, medications, 
local skin disease, musculoskeletal disease or injury, cardiovascular or respiratory 
disease and diabetes mellitus.
During the measurement, the test subjects were lying supine or semi-supine in 9 
studies (Kragelj et al. 2000; Gómez et al. 2009; Lee et al. 2015; McLay et al. 2016; Cunniffe 
et al. 2017; Le Roux-Mallouf et al. 2017; Soares et al. 2017; Soares et al. 2017a; Soares et al. 
2017b), sitting in 3 studies (Martin et al. 2013; Morel et al. 2017; Bunevicius et al. 2018) 
and standing in 1 study (Hyttel-Sorensen et al. 2014). All tests were performed at rest. 
Ambient temperature was reported in 6 studies (Kragelj et al. 2000; Martin et al. 2013; 
Lee et al. 2015; Cunniffe et al. 2017; Morel et al. 2017; Bunevicius et al. 2018) and ambient 
humidity in 2 studies (Cunniffe et al. 2017; Bunevicius et al. 2018).
5.3.2. Vascular Occlusion Test
Pneumatic cuff position was clearly reported in 3 studies (Soares et al. 2017; Soares et al. 
2017a; Soares et al. 2017b; Bunevicius et al. 2018), and the size of the pneumatic cuff was 
reported in two (Cunniffe et al. 2017; Bunevicius et al. 2018). The inflation pressure was set 
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at a fixed magnitude in 10 studies (ranging from 120 mmHg to >250 mmHg) (Mayeur et al. 
2011; Martin et al. 2013; Hyttel-Sorensen et al. 2014; McLay et al. 2016; Cunniffe et al. 2017; 
Le Roux-Mallouf et al. 2017; Soares et al. 2017; Soares et al. 2017a; Soares et al. 2017b; 
Bunevicius et al. 2018), and adjusted to the participants’ systolic blood pressure in 4 studies 
(Psys + 30 mmHg or Psys + 50 mmHg) (Kragelj et al. 2000; Gómez et al. 2009; Lee et al. 2015; 
Morel et al. 2017). The inflation rate was reported in 4 papers (Kragelj et al. 2000; Gómez et 
al. 2009; Martin et al. 2013; Le Roux-Mallouf et al. 2017) and all papers reviewed described 
the inflation pattern. The duration of vascular occlusion was either set to a predefined time 
(30 s (McLay et al. 2016), 1 min (Hyttel-Sorensen et al. 2014; McLay et al. 2016), 2 min (McLay 
et al. 2016), 3 min (Mayeur et al. 2011; Martin et al. 2013; McLay et al. 2016; Morel et al. 2017), 
5 min (Kragelj et al. 2000; McLay et al. 2016; Cunniffe et al. 2017; Soares et al. 2017; Soares et 
al. 2017a; Soares et al. 2017b), 15 min (Bunevicius et al. 2018)), or until a predefined minimal 
StO2 value was reached (30 % (Gómez et al. 2009), 40 % (Gómez et al. 2009; Mayeur et al. 2011; 
Lee et al. 2015), 50 % (Gómez et al. 2009), <70 % (Le Roux-Mallouf et al. 2017)).
5.3.3. NIRS technique
5.3.3.1. Instrumentation
In descending order, the most often used NIRS devices were different models of 
InSpectra, OxiplexTS, INVOS 5100c and OxyMon MkIII. All are multi-distance systems, 
and with the exception of the FD-based OxiplexTS, they are all CW-based.
5.3.3.2. Investigated muscles, optode positioning and depth sensitivity
The reviewed studies were performed on the upper and/or lower limbs. 4 studies were 
performed at the hand (thenar eminence), 4 at the forearm (m. flexor carpi ulnaris, 
m. flexor digitorum), 2 at the thigh (m. vastus lateralis), 6 at the calf (m. gastrocnemius, 
m. tibialis anterior), and 1 at the foot (dorsolaterally, between 4th and 5th digit). Intra-
individual control sites were not reported in any of the studies reviewed.
For the upper limb, the inter-optode distances used were 15 mm, 25 mm, 30 mm, and 
40 mm for the thenar eminence; 15 mm and 25 mm for m. flexor digitorum; and 40 mm 
for m. flexor carpi ulnaris. At the lower limb, the inter-optode distances were 40 mm 
and 45 mm for m. vastus medialis; 20 mm, 25 mm, 30 mm and 35 mm for m. tibialis 
anterior; 25 mm and 45 mm for m. gastrocnemius; and 40 mm for the dorsolateral foot.
Particular attention to the muscles being superficial and easy to access by NIRS was 
reported when assessing the thenar eminence (Martin et al. 2013; Lee et al. 2015) and 
m. tibialis anterior (McLay et al. 2016; Soares et al. 2017a).
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Optode-skin coupling and sliding prevention was reported in 7 studies. Probes were 
covered with optically dense material and secured in place with elastic strap or bandage 
or both (Gómez et al. 2009; Martin et al. 2013; Hyttel-Sorensen et al. 2014; McLay et al. 
2016; Cunniffe et al. 2017; Le Roux-Mallouf et al. 2017; Soares et al. 2017; Soares et al. 
2017a; Soares et al. 2017b). In one study the probes were held in place by hand (Hyttel-
Sorensen et al. 2014). In all instances, the pressure of the probes on the skin was reported 
to be carefully adjusted as to not disrupt perfusion. 
5.3.3.3. Multimodal studies
In 13 studies, additional measurements were performed as follows: heart rate, blood 
pressure and mean arterial pressure, blood glucose, blood gas analysis, blood flow, 
pulmonary gas exchange and ventilation, SpO2, TcPO2, in vivo reflectance confocal 
microscopy and venous occlusion plethysmography. Only one study did not use 
additional measurements (Hyttel-Sorensen et al. 2014).
5.4. Discussion
5.4.1. Recommendations for the Use of the NIRS-VOT Technique
An overview of the proposed recommendations for the use of the NIRS-VOT technique 
is provided in Table 16. 
Table 16: Updated recommendations for the use of the NIRS-VOT technique.
PARTICIPANTS Characteristics BMI, rather than average participant stature and weight
should be reported.
ATT under the NIRS probe should be reported.
The inspected limb circumference under the pneumatic cuff
should be reported.
The tested group should be homogeneous according to training 
(untrained/trained participants).
Exclusion criteria BMI ≥30 kg/m2 or ATT larger than NIRS penetration depth.
History of medical conditions that affect skin locally, or the 
cardiovascular, respiratory or musculoskeletal system,  
unless part of the experimental protocol.
Medications or a special diet that affect cardiorespiratory or 
haemodynamic responses, unless part of the experimental protocol.
At least 8 hours prior to testing, participants should avoid







Body and inspected limb position should be standardised for data 
comparability. A supine body position with the limb at the level of 
the heart is preferred.
Ambient






Cuff width should be adjusted to limb circumference and reported 
(cuff width to limb circumference ratio).
Clear description of cuff position relative to anthropometric 
landmarks should be provided.
Cuff inflation
rate and pressure
Occlusion should be as rapid as possible, and inflation rate should 
be reported.
Inflation pressure should be customised for each participant 
according to their LOP.
The use of wider cuffs is preferred over higher inflation pressures.
Duration of
vascular occlusion
The duration of vascular occlusion should be standardised according 
to a minimal StO2 value and maximal occlusion time.
NIRS TECHNIQUE NIRS instrumentation NIRS instrumentation should be standardised for data 
comparability.
Multi-channel NIRS systems should be used when investigating 
oxygenation of large muscle groups, and for intra-individual 
comparison with contralateral control site.
NIRS parameters When possible, the following parameters should be assessed: 
O2Hb, HHb, tHb and ∆Hbdiff baseline, minimum and peak StO2, 
deoxygenation and reoxygenation slope, deoxygenation and 
reoxygenation time, hyperaemic area under the curve and HHB area 
under and above the curve.
NIRS optodes Detailed description of optode positioning, inter-optode distance 
and penetration depth.
Simultaneous use of several inter-optode distances.
MULTIMODAL 
STUDIES
When possible, other methods should be combined with NIRS, e.g. Doppler blood flow 
measurements, MRI, PET, skin blood flow, skin temperature near the optodes, EMG, 3D 
kinematic analysis during exercise, microdialysis, mental stress or the perception of pain/
muscle soreness/discomfort
5.4.2. Participants
Ferrari et al. (2011) recommend that the experimental protocol be described in detail to 
enable reproducibility/repeatability of the measurements. However, in our review, we 
have found some information to be missing or underreported.
With the exception of one, all studies reported on either the participants’ weight 
and stature or BMI. The significance of BMI was assessed by Soares et al. (2017a), who 
found an increase in muscle oxygen utilisation during vascular occlusion in normal-
weight participants at 90 min post glucose ingestion, but a rapid decrease in muscle 
oxygen utilisation at 30 and 60 min in obesity. Furthermore, increased muscle oxygen 
124
extraction was observed during reperfusion after glucose ingestion in normal-weight 
participants, but not in obese participants. Subcutaneous adipose tissue thickness 
was reported in 3 studies, either in the form of ATT (McLay et al. 2016) or skin fold 
thickness (Hyttel-Sorensen et al. 2014; Cunniffe et al. 2017). According to Ye et al. (2005), 
subject-to-subject variation can only be ignored if ATT is less than 5 mm when the 
source-detector separation is 40 mm (Jue and Masuda 2013). As per Ferrari et al. (2011), 
we recommend that ATT under the NIRS probe be measured using skinfold calipers, 
ultrasound scanner, MRI or optical lipid signal. Furthermore, Ferrari et al. suggest 
performing NIRS muscle studies only on subjects with homogeneous ATT and using 
algorithms for ATT correction (Niwayama et al. 2000; Ferrari et al. 2011). An alternative 
approach may be to select only measurement sites at which ATT is likely to be low 
(Gerovasili et al. 2010), where possible and appropriate to the study’s aims and design. As 
stated in Table 16, we recommend that authors of future studies report both participant 
BMI and measurement site ATT (including method of ATT measurement) to improve 
understanding and interpretation of how these factors influence NIRS results. 
The influence of physical activity and training was investigated by several researchers. 
According to Soares et al. (2017), muscle reperfusion and oxygen utilisation are 
significantly greater in untrained participants than trained participants. Trained 
individuals are more efficient in shifting between oxidative and anaerobic metabolism 
in response to ischemia and reperfusion. McLay et al. (2016) found the reperfusion 
slope to be steeper and more responsive to occlusion duration in trained individuals, 
compared with untrained. However, a previous study by Costes et al. (2001) found that 
training does not change the pattern of muscle oxygenation.
Two studies excluded participants on a special diet and two (Soares et al. 2017; Soares 
et al. 2017a) requested participants not to ingest any food prior to testing. The effect 
of glucose intake on microcirculation was investigated by Soares et al. (2017b), who 
found faster reperfusion and significantly decreased vascular responsiveness following 
90 min after glucose ingestion. Le Roux-Mallouf et al. (2017) investigated the effect of 
acute ingestion of nitrate and citrulline, found in certain foods, such as leafy green 
vegetables, beetroot and watermelon. They concluded that NO-enhanced vasodilatation 
significantly increased lower-limb post-ischemic vascular reactivity, and therefore 
influenced the NIRS results. However, further research with larger samples is required 
to determine, how long prior to testing the ingestion of nitrate/citrulline-rich foods 
should be avoided. 
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5.4.3. Experimental set-up
During measurement, most of the participants lay supine or semi-supine. As body and 
limb position is known to influence local blood flow, it also influences NIRS results. 
For instance, an increase in tHb has been reported on lowering of the investigated 
limb (Svanberg et al. 2011), possibly due to pooling of less oxygenated blood in the 
measurement area; and reductions in StO2 have been reported in response to prolonged 
elevation of the investigated limb (Svendsen et al. 1997). Thus, it is necessary for 
comparison between studies to clearly describe the investigated limb position during 
measurement in relation to the heart level, and possibly standardise participants’ body 
position. Furthermore, body movement, especially dynamic exercise, influences NIRS 
results. Ferrari et al. (2011) therefore recommend that limb movements be kept in the 
same planes during data acquisition to minimise artefacts, and that artefacts that 
occur be corrected for in the data analysis.
Ambient temperature and humidity can affect local blood flow. According to Svanberg 
et al. (2011), local cooling of the skin increased skin blood perfusion by 48 %, but did 
not influence StO2 and tHb. Local heating of the skin, however, induced an almost 
9-fold increase in skin perfusion, and a 7 % increase in StO2 due to superficial heat-
induced vasodilation. Ferrari et al. (2011) recommend that skin blood flow and/or skin 
temperature be measured close to the optode, especially in prolonged exercise.
5.4.4. Vascular Occlusion Test
The width and position of the pneumatic cuff were underreported in the studies 
reviewed. As only one of the studies reported on the investigated limb circumference 
(Cunniffe et al. 2017), it was presumably not taken into consideration when deciding 
on cuff width. Moreover, cuff width was not considered when deciding on inflation 
pressures. Cuff inflation pressures were set at a fixed magnitude or adjusted to the 
participants’ systolic blood pressure. However, according to Cunniffe et al. (2017), 
larger occlusion pressures caused greater reductions in O2Hb, while not influencing 
HHb. Significant O2Hb decrease at the thigh was found at the occlusion pressure of 180 
mmHg, but not at lower pressures. Therefore, we recommend the use of LOP to define 
cuff inflation pressure, as stated in Table 16.
In the reviewed studies, the duration of vascular occlusion was either set to a predefined 
time or until a predefined StO2 value was reached. Gerovasili et al. (2010) argue that 
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a predefined StO2 value may not necessarily indicate similar oxygen debt among different 
individuals, whereas fixed time duration ensures better comparability between the 
results and is therefore preferable. However, Mayeur et al. (2011) found that after 3 min 
of vascular occlusion, the minimal StO2 was still significantly higher than 40 %. At the 
upper arm, 40 % StO2 was achieved faster than at the forearm, although the difference 
was not significant. Moreover, StO2 reoxygenation slope was steeper after compression to 
40 % StO2 as compared to 3 min of compression. They concluded that StO2 reoxygenation 
slope was influenced by the value of minimal StO2 before reperfusion but not by the 
time of ischemia, and therefore the occlusion time to reach 40 % StO2 might be more 
appropriate than a 3-min occlusion for assessing reactive hyperaemia capacity. McLay 
et al. (2016), on the other hand, found the reperfusion slopes to be progressively steeper 
with increase in occlusion duration as well; and Bunevicius et al. (2018) report that 15 min 
of vascular occlusion at 200 mmHg decreased muscle blood flow and oxygenation to a 
larger extent compared to vascular occlusion at 120 mmHg.
The inflation rate in the reviewed studies was also underreported. Kragelj et al. (2000) found 
a small increase in total blood volume after occlusion that they assigned to the cuff being 
inflated too slowly. To avoid venous outflow restriction before arterial inflow restriction 
and therefore pooling of blood, vascular occlusion needs to be as rapid as possible.
5.4.5. NIRS technique
5.4.5.1. Instrumentation and parameters studied
The most frequently used were multi-distance NIRS systems, and with the exception 
of the OxiplexTS, they were all CW-based. Despite that, direct comparison of studies 
using different devices might not be possible. As Lee et al. (2015) pointed out, significant 
differences in NIRS parameters were found when assessed by two different devices 
(INVOS and InSpectra). 
In order to achieve absolute quantification value of NIRS measures, and improve the 
sensitivity and quantitation of NIRS parameters, Ferrari et al. (2011) recommend the 
use of TD- and FD-based NIRS devices, and analysing all measurable parameters, i.e. 
O2Hb, HHb, tHb and StO2. O2Hb, hHb, and tHb were explicitly monitored in 5 studies 
(Kragelj et al. 2000; McLay et al. 2016; Cunniffe et al. 2017; Le Roux-Mallouf et al. 2017; 
Soares et al. 2017b), only O2Hb was monitored in one study, only HHb in two studies 
by the same authors (Soares et al. 2017; Soares et al. 2017a), and ΔHbdiff in one study 
(Cunniffe et al. 2017). Other typical parameters of interest were baseline, minimum and 
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peak StO2, deoxygenation and reoxygenation slope, deoxygenation and reoxygenation 
time, hyperaemic area under the curve and HHB area under and above the curve.
Two of the systems used were multi-channel NIRS systems: INVOS 5100C (4 channels), 
and OXYMON MkIII (≤96 channels). Multi-channel NIRS systems consist of multiple 
light sources and detectors that simultaneously collect data from multiple muscle 
regions. This helps to avoid data variations caused by position-dependent differences in 
muscle oxygenation. Ferrari et al. (2011) recommend the use of multi-channel systems, 
especially when investigating oxygenation of large muscle groups.
5.4.5.2. Investigated muscles, optode positioning and depth sensitivity
Consistent with the advice by Gerovasili et al. (2010), superficial, easy to access muscles 
were chosen that allowed placement of a pneumatic cuff proximal to the NIRS probe. 
Cunniffe et al. (2017) concluded that muscle oxygenation properties were influenced 
by choice of the occluded limb. They found consistently higher HHb in the forearm 
as compared to the thigh during vascular occlusion. Gómez et al. (2009) found the 
baseline StO2, deoxygenation slope and reoxygenation slope to be significantly 
dependent on the site of measurement, probe size and ischaemic challenge. In the 
thenar eminence, the values of these parameters overall were higher and less variable, 
compared to the forearm measurement site, which corresponds with expectations due 
to the superficiality of the thenar eminence and smaller ATT. The parameter values 
were also lower and less variable with smaller probes.
The exact position of the NIRS optodes was poorly described, especially when larger 
muscles were investigated (e.g., m. gastrocnemius, m. tibialis anterior). Ferrari et al. 
(2011) stress that optode position needs to be described in detail, eventually guided by 
ultrasound scanner.
Overall, larger inter-optode distances were used at the lower limb as compared to 
the upper limb, and for larger, more proximal muscle groups. Despite the lack of 
explanation for the choice of inter-optode distances used, it is intuitive to use larger 
distances and therefore increased depth sensitivity proximally where ATT tends to be 
larger. According to Jue and Masuda (2013), it is preferable to use a 40-50 mm source-
detector separation for measurements at the muscle level without attenuating signal 
intensity. In the case of multi-distance NIRS devices, Ferrari et al. (2011) recommend 
simultaneous use of several inter-optode distances ranging from less than 5 mm to 
more than 30 mm.
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Intra-individual control sites were not reported in any of the studies reviewed. Kragelj 
et al. (2000) found intra-individual variations to be less significant than inter-individual 
variations, possibly due to differences in fat/muscle ratio and measured tissue volume. 
Because of that, it is unreliable to compare results among different participants. 
Rather, to monitor the changes in NIRS parameters due to vascular occlusion or other 
interventions, it is recommended to simultaneously monitor a similar site in the same 
test subject contralaterally. As an alternative, physiological calibration (Hamaoka et al. 
1996) can be used to minimise inter- and intra-individual variations of oxygenation levels 
(e.g., due to BMI, ATT, muscle mass; and different anatomical locations, respectively).
5.4.5.3. Multimodal studies
In 13 studies, additional measurements were performed, however none of them coupled 
NIRS with MRI, fMRI, NMR, PET, EMG, microdialysis, Doppler ultrasonography or 3D 
kinematic analysis, as recommended by Ferrari et al. (2011). Furthermore, none of the 
studies addressed participants’ skin temperature, mental stress or the perception of pain/
muscle soreness/discomfort which have been linked to changes in the microcirculation.
5.4.6. Application of NIRS to assess effects on soft tissues during soft  
 exoskeleton use
Our previous systematic reviews (Kermavnar et al. 2018a, 2018b) recommended the use 
of pain and discomfort studies during the evaluation of wearable assistive devices, as 
pressure-induced muscle pain is mainly related to strain (Manafi-Khanian et al. 2016) and 
perceived pain is considered a good indicator of potential tissue damage caused by excessive 
pressure exposures (Pons 2008). We believe that a combination of deep tissue oxygenation 
monitoring and continuous discomfort rating in targeted zones during exoskeleton testing 
is important to provide a valuable combination of objective and subjective data related to 
pressure-related safety thresholds. In such case, the duration of vascular occlusion would 
be defined by the individual’s Pain Detection Threshold. The NIRS optodes should be 
positioned directly underneath the exoskeleton (or pneumatic cuff) and not distally to it, in 
order to monitor the direct effect of tissue compression on its oxygenation at those points. 
As the comparison of raw NIRS data has been proven to be unreliable, we suggest the use 
of a new metric, namely, the reduction in oxygenation from the individual’s baseline StO2 
to the point of pain detection: the Deoxygenation Index, ΔStO2. 
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5.4.7. Limitations
NIRS-VOT is considered a promising technique for monitoring changes in several disease 
states, and studies are therefore widely performed in clinical settings. As our research 
was limited to studies performed on healthy people, we acknowledge the possible 
impact of this on the number and quality of the identified studies. Moreover, due to 
limitations in NIRS-VOT methods and inconsistencies in reporting across the current 
literature, it is not possible to make recommendations regarding some important 
methodological issues at this stage e.g. an optimal pre-testing dietary protocol is not 
yet established. Finally, there is still a need for consensus in the scientific community 
regarding pneumatic cuff characteristics, inflation pressures, and vascular occlusion 
duration during VOT, in order to create definitive guidelines.
5.5. Conclusions
In this methodological review, we analysed NIRS muscle studies in the context of vascular 
occlusion (NIRS-VOT), performed on healthy participants since the year 2000. The aim 
was to provide updated recommendations on the use of this method, in particular, to 
evaluate the effects on soft tissues while using wearable technologies that compress the 
limbs during use. Based on the previous recommendations by Ferrari et al. Gerovasili et 
al. and recommendations for safe pneumatic tourniquet use in surgery, we found that 
there is still a need to standardise method for experimental use of this method to ensure 
reproducibility and data comparability.
Key issues were found in the field of assessing and/or reporting participants’ characteristics 
that are known to influence NIRS measurements and vascular occlusion, such as BMI, ATT, 
limb circumference, history of certain medical conditions, medication, food and/or other 
substance intake prior to the experiment. Furthermore, we found a need for standardisation 
of the participant’s body position and activity during the measurement. Regarding VOT, we 
believe that there is a need for a consensus about the pneumatic cuff size and position, cuff 
inflation rate and pressure, and the duration of vascular occlusion, in order for the findings 
of different studies to be comparable. As inter-individual differences in NIRS measurements 
tend to be significant, simultaneous monitoring of test and control sites intra-individually 
could help normalise the data to the extent that it could be compared across different 
participants and studies. Detailed description of optode positioning, inter-optode distance 
and penetration depth is necessary for reproducibility of experiments. Finally, there is still 
a need for the combination of NIRS with other methods, i.e. for multimodal studies.
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Although NIRS has been recognised as a promising method for assessing deep tissue 
oxygenation, there is still a need to standardise the method in combination with 
vascular occlusion, and for authors of studies employing NIRS-VOT techniques to 
improve reporting of their methods. Especially in the field of ergonomics and user 
studies, we believe there is great potential in NIRS when establishing safe thresholds 
for the external loading of soft tissues.
5.6. Acknowledgments
This research was completed as part of the XoSoft project, which has received funding from 
the European Union’s Horizon 2020 framework programme for research and innovation 
under grant agreement number 688175. No competing financial interests exist.
131
Chapter 6. Experimental device development
Due to the inaccessibility of soft exoskeletons for testing, there was a need to develop 
an experimental device to simulate circumferential compression at the lower limb as 
applied by gait-assistive robotic devices during joint actuation and stabilisation. The main 
requirements for such a device were programmability for different types of pneumatic 
cuff inflation patterns, reliability, robustness and safety. Additionally, monitoring of 
participants’ rating of discomfort using an electronic VAS, and the display of deep tissue 
oxygenation as acquired by a commercial NIRS monitor were bespoken.
Three inflation patterns were used: (1) gradual inflation at 1 kPa/s (i.e. ramp inflation 
pattern); (2) stepwise fluctuation of pressure with 2 seconds of inflation to target 
pressure, followed by rapid deflation and an 8-second pause to the next inflation 
(i.e. staircase inflation pattern); and (3) rapid inflation to target pressure, synchronised 
with the test subjects’ individual cadence via a foot switch at gait speed 4.3 km/h. Thus, 
the rapidity of inflation and deflation was of great importance, as was the stability of 
the inflation pressure increase.
6.1. In-house prototypes
Due to technical challenges at meeting these requirements, two in-house prototypes 
were developed prior to the final device, appropriate for use on human participants. 
The first two prototypes consisted of solenoid valves that only allowed for an open 
and a closed state. The valves were at first controlled by an Arduino UNO board (8-bit 
AC/DC converter, 256 bit resolution) that was crude at reading inflation pressures and 
required long reaction times (Figure 19).
Figure 19: Actual, compared to target inflation pressure of the first prototype for the ramp (A) and 
staircase (B) inflation pattern. 
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The responsiveness of the system was improved by the use of Arduino MEGA board 
(10-bit AC/DC converter, 1024 bit resolution), but cuff inflation was still not ideal, 
especially during ramp inflation and at low inflation pressures (Figures 20 and 21).
Figure 20: Inflation pressure at ramp inflation of the second prototype with improved response time 
during standing still.
Figure 21: Inflation pressure at ramp inflation of the second prototype with improved response time 
during walking.
6.2. Final design
The final experimental device was built by DesignPro Ltd (Rathkeale, Ireland) according 
to the researchers’ requests, based on a review of the descriptions of similar equipment 
used in algometry. It consisted of a computer-controlled air-compressor, connected to 
a pneumatic tourniquet cuff, and a 100-mm electronic Visual Analog Scale (VAS). It 
allowed for inflation pattern control, inflation pressure monitoring, tissue oxygenation 
monitoring and continuous rating of perceived discomfort. The individual components 
of the device are presented in Figure 22, and a simplified schematic of the electronic 
circuit in Figure 23. 
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Figure 22: Components of the experimental device. 1 - Programmable Logic Controller (PLC), 
2 - Thermostat (control of ⑬ ), 3 - Power supply (24 V), 4 - Input relay (from LabVIEW to ⑬), 5 - Analogue 
connector (from ⑬  and ⑬ to ⑬ ), 6 - Front panel relay (from ⑬  to LabVIEW), 7 - Fuses for 24 V lines, 
8 - Analogue pneumatic pressure regulator (max. 100 kPa), 9 - Digital pneumatic pressure regulator (max. 100 kPa), 
10 - Orifice electro-pneumatic pressure regulator (max. 60 kPa), 11 - Power break (rig-door open), 12 - Main circuit 
brakers (240 V fuse), 13 – Fan.
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Figure 23: A simplified schematic of the electronic circuit of the experimental device. DAQ - Data 
Acquisition Card, PLC - Programmable Logic Controller, VAS – Visual Analogue Scale, NIRS monitor – Near-
Infrared Spectroscopy Monitor.
A silent air compressor Bambi MD75/250 (noise level 55 dB(A); Figure 24) was used to 
avoid additional discomfort of the test subjects due to noise during the experiments.
Figure 24: Bambi MD75/250 silent air compressor.
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6.2.1. Robustness and safety
All components used in the rig were off-the-shelf CE-marked components. Electrical 
isolation testing was performed before the rig was released by Design Pro and all 
wiring, fusing, and overload mechanisms in the rig were built to relevant ISO standards. 
Test subjects were completely isolated from the electrical circuits in the rig, and only 
compressed air was passed to the pneumatic cuffs via a non-conducting plastic tube.
Three redundancy systems were implemented to prevent over-pressurising the 
pneumatic cuffs: (1) the orifice electro-pneumatic pressure regulator programmed to 
only allow cuff inflation pressures up to 60 kPa; and the (2) analogue and (3) digital 
pneumatic pressure regulators that would stop cuff inflation in case it reached 100 kPa. 
Thus, the maximum pressure that could ever be delivered to the pneumatic cuffs, even 
in the event of complete electrical failure, was 100 kPa. The maximum pressure limit 
was based on the reviewed algometry studies (Kermavnar et al. 2018a, 2018b). 
In addition, two emergency-stop buttons to terminate cuff inflation were available: 
the front-panel button (experimenter-controlled) and the VAS button (participant-
controlled).
6.2.2. Accuracy of cuff inflation
The use of an electro-pneumatic pressure regulator (SMC ITV2030-312BL3) allowed for 
continuous and precise control of inflation pressure by valve aperture regulation. In 
comparison with previous prototypes, the PLC replacing Arduino boards also made it 
possible to closely follow the required inflation pressure for all three inflation patterns 
due to improved reaction time (Figure 25).
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Figure 25: Cuff inflation pressure obtained with the final experimental device during ramp inflation (A), 






In addition to the key technological components, the design of the electronic VAS and 
the foot switch also required additional attention in order to make their use as simple 
and comfortable as possible.
The housing of the electronic VAS (Figure 26) was designed to allow for the integration 
of the standardised scale size (100 mm length) and the necessary electronics. The 
emergency stop button was positioned in such a way that it was effortless to reach even 
for participants with smaller hands when only using one hand. The participants were 
offered the choice between left- and right-hand use, and between holding the scale or 
mounting it onto the treadmill during walking.
Figure 26: Electronic VAS design.
A digital on-off switch was embedded into the heel of a soft foam insole. The insole was 
trimmed to fit a small female shoe, left or right, and its edges were thinned in order to 
seamlessly fit larger shoes without causing discomfort. The foot switch was connected 
to the DAQ via thin electrical wires to avoid additional pressure when placed between 
the heel and the shoe (Figure 27).
Figure 27: Foot switch design (left) and placement (right).
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Chapter 7. Discomfort/pain and tissue oxygenation at the  
 lower limb during circumferential compression:  
 application to soft exoskeleton design
Purpose: The aim of this study was to establish circumferential inflation pressures 
that trigger discomfort and pain at the thigh and calf of healthy participants, using 
different widths of pneumatic cuffs and inflation patterns during standing. The 
influence of circumferential compression on deep tissue oxygenation was also studied.
Background: CPA is used to assess pressure-induced pain thresholds mainly at the calf 
with standard cuff sizes, tonic inflation pattern and participants lying supine. However, 
the nature of mechanical loading and the nature of the intervening soft tissues influences 
pressure transmission efficiency and thus the magnitude of strain in deeper tissues. 
The influence of tonic and phasic circumferential compression at the thigh and calf on 
discomfort/pain perception, and deep tissue oxygenation during standing needs further 
investigation to establish acceptable loading thresholds for soft exoskeletons.
Novelty and contribution to knowledge: This study presents research detailing 
discomfort and pain detection thresholds during circumferential compression at the 
lower limb with participants standing. The influence of assessment site, cuff width and 
inflation pattern is investigated to inform the design of soft exoskeletons.
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Objective. To establish the relationship between circumferential compression on the 
lower limb during simulated tonic and phasic loading, and the resultant relationship 
with discomfort/pain and tissue oxygenation.
Background. Excessive mechanical loading by exoskeletons on the body can lead to 
pressure-related soft tissue injury. Potential tissue damage is associated with objective 
oxygen deprivation and accompanied by subjective perception of pain and discomfort.
Method. Three widths of pneumatic cuffs were inflated at the dominant thigh and calf 
of healthy participants using two inflation patterns (tonic and phasic), using a computer 
controlled pneumatic rig. Participants rated discomfort on an electronic Visual Analog 
Scale and deep tissue oxygenation was monitored using Near Infrared Spectroscopy.
Results. Circumferential compression with pneumatic cuffs triggered discomfort and 
pain at lower pressures at the thigh, with wider cuffs, and with tonic inflation pattern. 
Phasic compression caused an increase in deep tissue oxygenation, whereas tonic 
compression decreased it.
Conclusion. Discomfort and pain during circumferential compression at the lower 
limb is related to the width of pneumatic cuffs, the inflation pattern, and the volume of 
soft tissue at the assessment site. The occurrence of pain is also possibly related to the 
decrease in deep tissue oxygenation during compression.
Application. Our findings can be used to inform safe and comfortable design of soft 
exoskeletons to avoid discomfort and possible soft tissue injury.
Keywords: Exosuit Human interaction, Tissue Loading and Comfort, Wearable Devices, 
Assistive Technologies, Oxygenation, Product Design. 
Précis: Tonic and phasic circumferential compression was performed at the thigh and 
calf to establish the pressures that cause discomfort and pain. Deep tissue oxygenation 




With the advent of robotics in recent years, exoskeletons have become increasingly topical 
in the medical field as assistive and rehabilitation devices. To date, the vast majority of 
exoskeletons are manufactured from hard materials that apply mechanical loads to the 
user’s body via rigid components. Recently, attempts are being made to develop lighter, 
low-profile soft robotic devices, referred to as soft exoskeletons or exosuits , which help 
address usability issues with traditional hard robotics and hard exoskeletons.
Physical human-robot interfaces mediate the transfer of physical interaction between 
the user and the exoskeleton (De Santis et al. 2008). Soft exoskeletons/exosuits (hereafter 
mutually termed exosuits) exert external pressure on the limbs by means of circumferential 
compression, which results in mechanical loading of the tissues, mainly skin, adipose 
and muscle tissues. Excessive mechanical loading can lead to soft tissue injury and 
cause pressure ulcers due to localized ischemia (Bouten et al. 2003; Reenalda et al. 2009; 
Stekelenburg et al. 2008), impaired lymphatic drainage (Bouten et al. 2003; Reenalda et 
al. 2009), elevation of local lactic acid levels (Stekelenburg et al. 2008), reperfusion injury 
or sustained deformation of cells (Agam and Gefen 2007; Bouten et al. 2003; Reenalda et 
al. 2009; Stekelenburg et al. 2008). Especially, pressure-related deep tissue injuries that 
are caused by sustained compression of the deep muscle layers over bony prominences, 
can be potentially life threatening (Agam and Gefen 2007; Bouten et al. 2003). The risk for 
soft tissue damage depends not only on the magnitude of external loading but also on its 
direction, distribution, duration, and loading cycle frequency (Bader, 1990; Mak, Zhang and 
Boone 2001). For example, the maximum safe inflation pressure for inflatable splints used 
in fractures is considered to be 30-40 mmHg (4-5.3 kPa) (Ashton, 1966), granted that they 
are only worn until appropriate medical care is available, i.e. not more than a few hours.
As detailed in a previous review (Kermavnar et al. 2018a), attempts to establish safe 
thresholds for the external mechanical loading of soft tissues have been based mainly 
on interface pressures at load-bearing sites of the body. Previous studies, however, have 
shown that the relation between interface pressure and internal stress may not to be 
linear (Reenalda et al. 2009), as internal stress is highly dependent on the nature of the 
intermediary soft tissues, e.g. their thickness (Sangeorzan et al. 1989; Tamez-Duque 
et al. 2015), tone (Sangeorzan et al. 1989; Linder-Ganz and Gefen 2009a), mechanical 
stiffness (Oomens et al. 2010) and integrity (Sangeorzan et al. 1989), as well as the 
proximity of bony prominences (Agam and Gefen, 2007; Oomens et al. 2010; Sangeorzan 
et al. 1989; Tamez-Duque et al. 2015). Moreover, injury thresholds are reported to differ 
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for skin, adipose and muscle tissue, with the lowest threshold for muscle (Agam and 
Gefen 2007). Thus, a safe threshold based solely on research of interface pressure is 
now considered limited (Agam and Gefen 2007; Bouten et al. 2003; Oomens et al. 2010; 
Reenalda et al. 2009).
Pain and discomfort are direct responses of the human body to excessive external 
loads (Mak et al. 2001), and perceived pain is considered a good indicator of potential 
tissue damage (Pons, 2008). However, the relationship and distinction between 
discomfort and pain has not yet been universally agreed upon (Holtmann et al. 1998). 
Namely, some use the terms interchangeably, or consider discomfort to be a mild form 
of pain (Meyer and Radwin, 2007; Woodrow et al. 1972), while others define discomfort 
as a precursor to pain (Vanagaite et al. 1997; Xiong et al. 2010), or a negative feeling 
that is distinct from pain (Talley et al. 1999). Neumann proposes that discomfort, as 
opposed to pain, is a complex phenomenon that, among other factors, may include 
the expectation of pain; therefore, pain is nearly always associated with discomfort, 
but discomfort is not necessarily associated with pain (Neumann, 2001). We define 
discomfort as an unpleasant sensation that occurs before pain, and increases with the 
increase of pain. Therefore, the intensity of discomfort ranges from barely perceivable 
(no pain) to unbearable (unbearable pain), and the detection of pain occurs at a certain 
point between the two extremes. As per definitions used in algometry, the pressure 
magnitude at which pain occurs is referred to as the Pain Detection Threshold (PDT), 
and the pressure magnitude that causes unbearable pain, the Pain Tolerance Threshold 
(PTT). 
Previous studies have shown that PDT and PTT differ for different assessment sites at 
the lower limb, and different patterns of pneumatic cuff inflation. Significantly higher 
PDT and PTT were recorded at cuff positions over smaller volumes of soft tissue, i.e. 
at the calf compared to the thigh, and in the proximity of the knee and ankle joint 
compared to the widest part of the lower leg. Furthermore, staircase versus ramp 
pattern revealed higher PDT and PTT (Lindskou et al. 2017).
Considering user-centered design of exosuits, the focus needs to be on the elimination 
of discomfort, let alone pain. Hence, our aim was to gain insight into the pre-pain 
phase of discomfort. According to this, we have proposed in our previous review paper 
(Kermavnar et al. 2018b) that a modified version of the cuff algometer be used to assess 
discomfort rather than pain.
Pressure-related deep tissue injury has also been associated with oxygen deprivation 
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due to localized ischemia (Bouten et al. 2003; Stekelenburg et al. 2008), and to 
reperfusion injury (Herrman et al. 1999; Peirce et al. 2000). Thus, identifying oxygen 
deprivation before irreversible damage occurs is proposedly useful in establishing safe 
thresholds for external mechanical loading of tissues. An effective, noninvasive method 
for assessing muscle tissue oxygenation in vivo is Near-Infrared Spectroscopy (NIRS); 
however, it has not yet been widely recognized in ergonomics and soft-tissue injury 
prevention. Instead, safe thresholds for the loading of soft tissues still tend to be based 
solely on interface pressures at load-bearing sites of the body, although researchers 
have deemed this approach to have many limitations (Agam and Gefen 2007; Bouten et 
al. 2003; Oomens et al. 2010; Reenalda et al. 2009).
The aim of this experiment was to study the relationship between circumferential 
compression of the lower limb (as in exosuit use), and the development of discomfort/
pain and tissue oxygenation, depending on (1) assessment site (calf versus thigh), (2) 
pneumatic cuff width (5 cm versus 12 cm versus 22 cm), and (3) pneumatic cuff inflation 
pattern (tonic – “ramp” versus phasic – “staircase”).
7.2. Method
7.2.1. Study design
The experiment was a 2×3×2 full factorial design. The independent variables were the 
assessment site (thigh and calf), pneumatic cuff width (5, 12 and 22 cm) and inflation 
pattern (ramp and staircase). The dependent variables were Pain Detection Threshold 
(PDT), Discomfort Detection Threshold (DDT), and the rate of deep tissue deoxygenation 
(StO2 slope).
We hypothesized that the magnitude of reduction in deep tissue oxygenation at PDT 
would influence discomfort and pain detection, therefore, we introduced a new metric, 
which we refer to as the Tissue Oxygenation Change (ΔStO2), and define as :
StO2 baseline – StO2 minimum (Figure 28). Due to the dynamic effects of the staircase 
inflation pattern on deep tissue oxygenation, ΔStO2 was only extracted for the ramp 
inflation pattern. 
Testing was performed in a randomized order, with all cuff widths and inflation 














Figure 28: Tissue Oxygenation Change (ΔStO2).
7.2.2. Participants
Healthy volunteers were recruited from the University of Limerick. Volunteers were 
excluded from the study if any of the following criteria were present: (1) BMI ≥ 30 kg/m2; 
(2) skin fold at the assessment site ≥ 40 mm; (3) medical history of cardiovascular, 
respiratory, neurological or endocrine disease; (4) current musculo-skeletal injury or 
disorder, acute or chronic pain, local skin injury or disorder at the lower limb; (5) use 
of medications that could influence the cardiovascular, respiratory or nervous system; 
(6) special diet or use of food supplements. Participants were required to abstain from 
caffeine, nicotine, alcohol and food intake 8 hours prior to testing, and were asked to 
avoid strenuous exercise 24 hours prior to testing.
This research complied with the tenets of the Declaration of Helsinki and was 
approved by the Institutional Review Board at the University of Limerick (approval 
#2017_07_03_S&E). Informed consent was obtained from each participant to participate 
in this research, and for this research to be submitted for publication.
7.2.3. Equipment
7.2.3.1. Pneumatic cuffs
A Hokanson SC5 tourniquet cuff (width 5 cm), Hokanson Rapid deflate SC12D (width 
12 cm), and Hokanson Contoured thigh cuff CC22 (width 22 cm) were used. The cuffs 
were positioned at the dominant thigh and calf, loosely wrapped with a non-elastic 
adhesive tape (Leukosilk, BSN medical GmbH, Hamburg, Germany) to ensure an even 
distribution of pressure, and secured in place with VelcroTM straps attached to a waist 
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belt (Thermoskin Adjustable back stabiliser, United Pacific Industries Pty Ltd, Kilsyth, 
Australia) at the front and back to prevent it from slipping down the leg (Figure 29).
Figure 29: Pneumatic cuff mounting on the body, in this case on the thigh.
7.2.3.2. Computerised cuff inflation apparatus
Cuffs were attached to a computer controlled bespoke industrial pneumatic pressurised 
system (Design Pro, Rathkeale, Co. Limerick Ireland) which regulated the pressures as 
per the treatment conditions. The computerised system also had integrated data input 
to record the NIRS signals, and the discomfort scores via a hand-held Visual Analog 
Scale (VAS) slider (100 mm long) for continuous rating of perceived discomfort.
The computerised cuff inflation system was programmed in this instance to perform 
two inflation patterns, (1) staircase and (2) ramp. The staircase pattern involved an 
incremental rapid inflation and deflation to increasing target pressures (10, 20, 30, 
40, 50, 60 kPa). The pressure pattern was 2 seconds of pressure, rapid deflation, and 
8 seconds of no compression, followed by the next incremental pressure (Figure 30). 
The ramp pattern involved continuous inflation at 1 kPa/s (Figure 30) to a maximum of 
60 kPa. No pressures were tested above 60 kPa on safety grounds. Based on previously 
reviewed algometry studies (Kermavnar et al. 2018a), it was expected that participants 
would terminate their treatments for PDT below this level of pressure. 
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Figure 30: Staircase inflation pattern (left) and ramp inflation pattern (right).
7.2.3.3. Discomfort rating
During the experiments, the participants continuously rated their perception of 
discomfort on a 100-mm electronic VAS with values ranging from 0 (no discomfort) 
to 10 (unbearable discomfort). The scale was based on the VAS of pain intensity and 
the Borg CR10 scale that are used in algometry studies (Borg, 1998; Jensen et al. 2003; 
Lofgren et al. 2018), and according to which the perception of a certain attribute 
stretches from “nothing at all - 0” to “the strongest one has ever experienced - 10”. The 
participants were requested to terminate the inflation when the compression became 
painful rather than just uncomfortable by pressing the “stop” button. The participants’ 
discomfort was continuously sampled and monitored at 10 Hz. The inflation pressure at 
termination was recorded as PDT, and the inflation pressure at VAS>0 as DDT.
7.2.3.4. Deep tissue oxygenation monitor
Deep tissue oxygenation during cuff inflation was monitored using a near infrared 
spectroscopy monitor (MoorVMS-NIRS, Moor Instruments, UK) and NIRS optodes 
(NP1, Moor Instruments, UK) with the interoptode distance 40 mm. 
7.2.4. Procedure
The participants attended a single testing session. Prior to beginning the experiment, 
written informed consent was obtained and participants were asked about their health 
status to ensure that they did not have any of the conditions that would preclude 
them from taking part in the study. Next, the following information was recorded: 
participants’ age, sex, race and engagement in sports. Anthropometric data in relation to 
NIRS were obtained based on an methodologic review of NIRS (Kermavnar et al. 2019a), 
including stature and body mass; thigh and calf length; thigh and calf width anterior-
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posteriorly and lateral-medially; thigh circumference and skin fold at 2/3 distance 
between greater trochanter and lateral epicondyle, over m. vastus lateralis; calf 
circumference and skin fold at the widest part of m. gastrocnemius (medial head). All 
lower limb measurements during compression were performed at the dominant limb. 
Ambient temperature and humidity were also recorded.
The NIRS optodes were attached to the participant’s dominant lower limb at one of the 
respective assessment sites. For the thigh, the optodes were positioned over m. vastus 
lateralis at 2/3 distance between greater trochanter and lateral epicondyle; and at the 
calf, over the medial head of m. gastrocnemius, at the site of largest circumference. The 
skin under the optodes was cleaned and shaven to optimize optode-skin coupling and 
signal quality. The optodes were covered with a manufacturer-supplied probe holder at 
an inter-optode distance of 40 mm, and attached to the skin with an adhesive pad. One 
of the pneumatic cuffs was mounted over the optodes and connected to the inflation 








Figure 31: NIRS optode holder dimensions (left) and placement (right).
The cuff was then inflated using one of the inflation patterns. During the inflation, the 
participants continuously rated their perception of discomfort on the hand-held electronic 
VAS slider. Cuff inflation continued until the participant started feeling pain rather than 
just discomfort, at which point they terminated the inflation by pressing the “stop” button. 
In case pain did not occur, the inflation was automatically terminated at 60 kPa.
After each treatment, the participants rested until their deep tissue oxygenation returned 
to baseline. They were then tested with the other inflation pattern for that experimental 
setup. When both patterns were tested, the procedure was repeated with the next cuff 
size. After testing all cuffs with both inflation patterns, the NIRS optodes and pneumatic 
cuff were moved to the other assessment site and the entire procedure was repeated. All 
recordings were performed with the participants standing upright and standing still.
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7.2.5. Data analysis
All data were analyzed using IBM® SPSS Statistics software Version 25, with significance 
set at p < 0.05. Three-way repeated measures ANOVA was performed with assessment 
site, cuff width and inflation pattern as the independent variables, and DDT, PDT, the 
StO2 slope and ΔStO2 as dependent variables. Within-subjects effects were assessed 
using an F-test with Mauchly's test and Huynh-Feldt or Greenhouse-Geisser correction 
for violation of sphericity. Data are presented as mean and standard deviation (SD), and 
plots with the means and standard error (SE).
7.3. Results
7.3.1. Participants and environmental details
This study included 13 healthy participants (6 female, 7 male) aged 22-57 years (median age 
35 years), recruited from the University of Limerick. Twelve participants were Caucasian, 
one female was African. Two females and five males reported that they engaged in 
sports. Participants’ anthropometric data are summarized in Tables 17 and 18. Ambient 
temperature and humidity during testing were 23.0°C ± 0.3 and 52.8% ± 5.9, respectively.

















Thigh Calf Thigh Calf Thigh Calf Thigh Calf Thigh Calf
Mean 1809.6 82.7 25.3 410.6 385.7 504.3 389.3 168.7 121.7 143.6 121.0 13.3 9.2
SD 72.0 10.0 3.0 19.2 28.6 18.4 20.7 9.1 6.9 7.5 8.6 4.2 2.9
Median 1779.0 83.6 25.9 414.0 403.0 505.0 395.0 169.0 123.0 145.0 119.0 12.0 8.5
BMI – body mass index, ANT-POST – antero-posterior, LAT-MED – latero-medial, SD – standard deviation

















Thigh Calf Thigh Calf Thigh Calf Thigh Calf Thigh Calf
Mean 1674.8 61.4 21.9 383.5 356.3 471.7 355.8 155.7 112.2 135.0 108.0 24.8 19.7
SD 61.8 5.7 1.5 35.3 31.5 21.4 16.3 7.4 5.2 6.4 5.6 8.9 7.4
Median 1676.0 60.3 21.6 392.5 353.5 470.0 355.0 157.0 113.5 135.5 106.5 26.3 18.8
BMI – body mass index, ANT-POST – antero-posterior, LAT-MED – latero-medial, SD – standard deviation
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7.3.2. Repeated measures ANOVAs
The results of the ANOVAs are presented in Table 19, and the associated mean and 
standard deviation values for the combinations of treatments are presented in Table 20.
Assessment site and inflation pattern had a highly significant effect on DDT (p < 0.001), 
but cuff width did not, nor were there any significant interactions between the variables. 
For PDT, assessment site, cuff width and inflation pattern had a highly significant effect 
(p < 0.001), and there was a highly significant two-way interaction between all variables 
(p < 0.001). Regarding StO2 slope, inflation pattern had a highly significant effect (p < 
0.001), but cuff width did not (p = 0.069), as assessment site and the interactions did 
not (p = 0.373 and p = 0.345, 0.549, 0.372, 0.243, respectively). ΔStO2 was analysed only 
for the ramp condition (as it is affected by fluctuations for the phasic treatments). The 
values were not affected by assessment site (p = 0.141), cuff width (p = 0.620), or their 
two-way interaction (p = 0.733).
Table 19: Results of the repeated measures ANOVAs .












(F(1.32, 15.80) = 24.82)
p = 0.069

















(F(2, 24) = 1.11)
0.733
(F(2,24) = 0.32)







(F(1, 12) = 0.38)
N/A







(F(2, 24) = 1.03)
N/A
Assessment site ×







(F(2, 24) = 1.50
N/A
DDT – Discomfort Detection Threshold, PDT - Pain Detection Threshold, StO2 slope – deoxygenation rate, 
ΔStO2 – fall in deep tissue oxygenation at PDT; ** p ≤ 0.01, *** p ≤ 0.001.
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Table 20: Overall values of parameters studied.
Assessment site Cuff width (cm) Inflation pattern DDT (kPa) PDT (kPa) StO2 slope (%/s) ∆StO2 (%)
Thigh
5
Ramp 16.7 (13.0) 56.4 (9.2) -0.09 (0.09) 4.5 (3.9)
Staircase 25.7 (15.0) 61.2 (0.1) 0.17 (0.11) N/A
12
Ramp 12.3 (7.3) 39.5 (14.8) -0.10 (0.10) 3.8 (4.6)
Staircase 23.4 (11.4) 59.5 (3.6) 0.21 (0.15) N/A
22
Ramp 12.0 (5.3) 35.8 (13.3) -0.11 (0.11) 4.1 (4.9)
Staircase 27.0 (14.1) 59.5 (4.2) 0.13 (0.11) N/A
Calf
5
Ramp 19.3 (15.7) 57.2 (7.8) -0.13 (0.09) 7.3 (4.8)
Staircase 29.4 (15.5) 60.7 (1.9) 0.17 (0.11) N/A
12
Ramp 21.5 (13.7) 56.1 (8.7) -0.13 (0.10) 7.1 (4.5)
Staircase 31.7 (14.5) 61.2 (0.1) 0.16 (0.11) N/A
22
Ramp 20.8 (15.9) 53.5 (12.5) -0.14 (0.10) 7.4 (5.8)
Staircase 32.2 (17.3) 61.2 (0.0) 0.16 (0.13) N/A
DDT – Discomfort Detection Threshold, PDT - Pain Detection Threshold, StO2 slope – deoxygenation rate, 
ΔStO2 – fall in deep tissue oxygenation at PDT. Data are presented as Mean (SD).
7.3.3. Discomfort Detection Threshold (DDT)
The findings showed a highly significant main effect (p < 0.001) of assessment site 
and inflation pattern on DDT. At the thigh, discomfort was triggered at mean inflation 
pressures of 12.0-16.7 kPa with the ramp inflation pattern, and at 23.4-27.0 kPa with 
the staircase inflation pattern. At the calf, discomfort was triggered at mean inflation 
pressures of 19.3-21.5 kPa with the ramp inflation pattern, and at 29.4-32.2 kPa with the 




Figure 32: DDT for assessment site vs. inflation pattern. Both, the assessment site and the inflation pattern 
had a highly significant main effect on DDT (p < 0.001). The interaction between the assessment site and 
inflation pattern was statistically insignificant (p = 0.726); *** p ≤ 0.001.
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The main effect of cuff width on DDT was not significant (p = 0.910), as presented in 
Figures 33 and 34. Discomfort was triggered at mean inflation pressures of 16.7-29.4 
kPa for the narrowest cuff, 12.3-31.7 kPa for the medium cuff, and 12.0-32.2 kPa for 
the widest cuff. There were no significant two-way or three-way interactions between 




Figure 33: DDT for assessment site vs. cuff width. The assessment site had a highly significant main effect on 
DDT (p = 0.001), whereas the cuff width did not (p = 0.910). The interaction between the assessment site and cuff 
width was statistically insignificant (p = 0.117); *** p ≤ 0.001.
*** *** ***
Figure 34: DDT for cuff width vs. inflation pattern. The inflation pattern had a highly significant main effect 
on DDT (p < 0.001), whereas the cuff width did not (p = 0.910). The interaction between the assessment site and 
inflation pattern was statistically insignificant (p = 0.691); *** p ≤ 0.001.
7.3.4. Pain Detection Threshold (PDT)
The findings showed a highly significant main effect (p < 0.001) of all within-subject 
factors on PDT, as presented in Figures 35-37. At the thigh, pain was triggered at mean 
inflation pressures of 56.4-61.2 kPa for the narrowest cuff, 39.5-59.5 kPa for the medium 
cuff, and 35.8-59.5 kPa for the widest cuff. At the calf, pain was triggered at mean inflation 
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pressures of 57.2-60.7 kPa with the narrowest cuff, 56.1-61.2 kPa with the medium cuff, 
and 53.5-61.2 kPa with the widest cuff. PDT was reached at 35.8-57.2 kPa with the ramp 
inflation pattern, and at 59.5-61.2 kPa with the staircase inflation pattern. 
The two-way interactions between assessment site and cuff width, assessment site and 
inflation pattern, and the cuff width and inflation pattern were highly significant (p < 





Figure 35: PDT for assessment site vs. cuff width. Both the assessment site and cuff width had a highly 
significant main effect on PDT (p < 0.001). The interaction between the assessment site and cuff width was 
statistically highly significant (p < 0.001); *** p ≤ 0.001.
Post-hoc analysis revealed highly significant differences between all three widths of cuffs: 




Figure 36: PDT for assessment site vs. inflation pattern. Both the assessment site and the inflation pattern 
had a highly significant main effect on PDT (p < 0.001). The interaction between the assessment site and inflation 
pattern was statistically insignificant (p = 0.726). The interaction between the assessment site and inflation 





Figure 37: PDT for cuff width vs. inflation pattern. Both the cuff width and the inflation pattern had a highly 
significant main effect on PDT (p < 0.001). The interaction between the cuff width and inflation pattern was 
statistically highly significant (p < 0.001); *** p ≤ 0.001.
7.3.5. Discomfort perception in relation to cuff inflation pressure
Regression analysis was performed to predict discomfort (VAS) based on cuff inflation 
pressure, adipose tissue thickness and the pneumatic cuff width (Table 21). When the 
equations are tested at the extremes of the independent variables, the equations predict 
some values just outside the VAS range sampled (0-100). This reflects the quality of fit 
obtained (R2 values) for the equations.
The model for the thigh had an R2 value of 0.46 and the model for the calf an R2 value 
of 0.349. Both equations and the individual predictor variables were highly significant. 
Table 21: Discomfort perception in relation to cuff inflation pressure at the thigh and calf.
 Regression equation R2 pModel pInfP pCW pATT
Thigh  VAS = -31.138 + 1.469 InfP + 1.477 CW + 1.234 ATT 0.466 <0.001 <0.001 <0.001 <0.001
Calf  VAS = -8.596 + 1,086 InfP + 0.219 CW + 0.276 ATT 0.349 <0.001 <0.001 <0.001 <0.001
InfP – Cuff inflation pressure (kPa), CW – width of the pneumatic cuff (cm), ATT – Adipose tissue 
thickness (mm)
7.3.6. Deep tissue oxygenation
7.3.6.1. StO2 slope
Inflation pattern had a highly significant effect on StO2 slope (p < 0.001). In fact, two 
distinctly different patterns of ΔStO2 were observed specific to each of the inflation 
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patterns, as presented in Figure 38. During ramp inflation, StO2 gradually decreased 
throughout the compression, rapidly increased above the baseline value after the 
release of the cuff, and slowly leveled off to baseline levels. With the staircase inflation 
pattern, StO2 decreased during compression but tended to increase above the previous 










































Figure 38: Typical pattern of ΔStO2 during ramp inflation (left) and staircase inflation (right). 
Black curve – StO2, Grey curve – Inflation pressure.
Assessment site and cuff width did not have a significant effect on StO2 slope, as also 
illustrated in mean data depicted in Figures 39 and 40. No statistically significant two-
way or three-way interactions were identified.
*** ***
Figure 39: StO2 slope for assessment site vs. inflation pattern. The inflation pattern had a highly 
significant main effect on StO2 slope (p < 0.001), whereas the assessment site did not (p = 0.373). The 
interaction between the assessment site and inflation pattern was not statistically significant (p = 0.549); 
*** p ≤ 0.001.
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*** *** ***
Figure 40: StO2 slope for cuff width vs. inflation pattern. The inflation pattern had a highly significant main 
effect on StO2 slope (p < 0.001), whereas the effect of cuff width was prominent but not statistically significant 
(p = 0.069). The interaction between the cuff width and inflation pattern was not statistically significant (p = 
0.372); *** p ≤ 0.001.
7.3.6.2. ΔStO2
At the occurrence of pain, the mean decrease in deep tissue oxygenation was considerably 
larger at the calf (7.1-7.3 %) than at the thigh (3.8-4.5 %). However, no significant main 
effects of the assessment site or cuff width on ΔStO2 were identified (p = 0.141 and 0.620 
respectively), as presented in Figure 41. There were no significant interactions between 
the two factors.
Figure 41: ΔStO2 for assessment site vs. cuff width at ramp inflation pattern. Neither the assessment site 
(p = 0.141), nor cuff width (p = 0.620) had any significant main effects on ΔStO2. The interaction between the 
assessment site and cuff width at ramp inflation pattern was not statistically significant (p = 0.733).
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7.4. Discussion
7.4.1. Overall DDT and PDT values 
The mean inflation pressures that caused discomfort ranged from 12.0 kPa for the ramp 
inflation of the widest cuff at the thigh to 32.2 kPa for the staircase inflation of the 
widest cuff at the calf. The mean inflation pressures that caused pain ranged from 35.8 
kPa for the ramp inflation of the widest cuff at the thigh to 61.2 kPa for the staircase 
inflation of the widest cuff at the calf. The PDT values for the calf using a 12 cm wide 
cuff and ramp pattern are slightly higher than those reported in previous algometry 
studies with similar treatment (16.3 ± 11.2 kPa to 34.1 ± 21.0 kPa) (Kermavnar et al. 2018a). 
The difference could be associated with the standing position of participants and their 
subjective interpretation of discomfort versus pain.
It is of note that the majority of research around human-robotics contacts has focused 
on interface pressure rather than cuff inflation pressures, as in the current research. 
Therefore, the following regression equations predicting interface pressures from 
inflation pressures were also developed in associated research (Kermavnar et al. 2019b, 
Study in review):
Interface pressure at the thigh = - 11.128 + 1.379 Inflation pressure + 0.518 Cuff width
(R2 = 0.876, p < 0.001)
Interface pressure at the calf = - 8.090 + 1.497 Inflation pressure + 0.367 Cuff width - 
0.182 Adipose tissue thickness
(R2 = 0.965, p < 0.001)
According to these equations, the values above correspond to mean interface pressures 
of 16.8-46.9 kPa for discomfort and 49.6-90.3 kPa for pain.
7.4.2. The influence of assessment site on the perception of discomfort  
 and pain
The results of this study suggest that discomfort is triggered at lower pressures at 
the thigh than at the calf, which is in agreement with our expectations and previous 
studies that have found significantly higher PDTs at assessment sites with less soft 
tissue (Lindskou et al. 2017; Polianskis et al. 2002). Namely, as larger volumes of muscle 
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tissue are compressed, compression becomes painful earlier due to spatial summation 
of pain. Our findings show that the same is also true for the development of discomfort. 
Thus, when designing wearable devices that apply circumferential compression to 
lower limbs, such as exosuits, it is preferable to interface them with body sites where 
smaller volumes of soft tissue are found.
7.4.3. The influence of pneumatic cuff width on the perception of discomfort  
 and pain
While pneumatic cuff width did not significantly affect the initial detection of 
discomfort, wider cuffs caused pain at significantly lower inflation pressures than the 
narrower, which is in accordance with previous studies (Estebe, Le Naoures, Chemaly 
and Ecoffey 2000; Lemming et al. 2017). Like above, the influence of cuff width on PDT 
can be explained by spatial summation of pain as well. Therefore, narrower exosuit 
cuffs that apply circumferential compression to lower limbs are preferred over wider 
cuffs in order to avoid discomfort and pain.
7.4.4. The influence of inflation pattern on the perception of discomfort  
 and pain
The staircase inflation pattern was expected to be tolerated better than the ramp 
inflation pattern, as it allows for relief of discomfort and tissue reperfusion between 
individual compressions. Previous algometry studies have shown increased pain 
perception occurring when a painful stimulus of the same intensity is repeated with a 
frequency above 0.3 Hz (Anderson et al. 2013; Latremoliere and Woolf 2009). However, we 
have no knowledge of studies confirming the same for the pre-pain discomfort, as the 
stimulation intensity as well as the first stimulation being painful is important for evoking 
temporal summation of pain (Finocchietti, Arendt-Nielsen and Graven-Nielsen 2012). 
In this study, we have not attempted to investigate whether temporal summation 
of discomfort exists; therefore, an 8-second duration of inter-stimuli-intervals was 
chosen in order to avoid a possible influence of stimulation frequency. This finding 
suggests that tonic circumferential compression at the human-exosuit interface should 
be avoided and replaced with phasic compression whenever possible, to avoid the 
development of discomfort and pain. 
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7.4.5. Two- and three- way interactions
Different combinations of assessment sites, cuff widths and inflation patterns do not 
significantly affect the detection of discomfort, whereas pain varies with different 
combinations of assessment site and cuff width, assessment site and inflation pattern, 
and cuff width and inflation pattern, as well as the combination of all three.
7.4.6. The influence of assessment site, pneumatic cuff width and inflation  
 pattern on deep tissue oxygenation
The findings of our study suggest that the staircase inflation pattern of the cuffs 
actually increases deep tissue oxygenation. A possible explanation for that would be 
that brief external compressions of the lower limb help promote venous blood towards 
the heart, but do not cause venous congestion, thus lowering the amount of HHb in 
the tissue. Simultaneously, short bouts of reactive hyperemia and hence the influx of 
O2Hb are evoked due to previous arterial occlusion, the overall result being a rise in 
the O2Hb-HHb ratio.
Ramp inflation, on the other hand, caused an expected fall in StO2 during compression 
and reactive hyperemia after the release of the cuff, as has been previously reported. 
Overall, a larger mean decrease in oxygenation was found when pain was detected at the 
calf (7.1- 7.4 %) than at the thigh (3.8 – 4.5 %), suggesting that lack of oxygen is tolerated 
better at the calf than at the thigh, possibly due to smaller volumes of muscle tissue. 
We have, however, found large inter-individual variations, therefore, additional studies 
would be needed to confirm that hypothesis. This finding suggests that circumferential 
compression applied by wearable devices might be more appropriate at the calf than 
at the thigh in order to avoid discomfort. On the other hand, however, the fact that a 
larger decrease in oxygenation is tolerated at the calf might expose deep tissues to 
noxiously low oxygen saturation without prior warning.
We have found no significant effects of cuff width on the decrease in deep tissue 
oxygenation at painful compression. Considering the fact that the degree of 
deoxygenation was similar at lower inflation pressures for wider than for narrower 




This study focused on compression that the user would experience during standing 
while being assisted with maintaining balance by an exosuit. A separate study was 
conducted in dynamic conditions (walking on a treadmill), with the focus on loading 
experienced during assistance with movement. As our study aimed to investigate 
the connection between discomfort/pain and deep tissue oxygenation during 
circumferential tissue compression, the measurement of oxygenation was performed 
with the pneumatic cuff over the NIRS probe. This method had, to our knowledge, only 
been used in one previous study (Messere et al. 2017), therefore, the extent to which 
the compression of probes against the tissue might have influenced the NIRS readings 
is unknown. It is of note, however, that the placement of the probe under the cuff did 
not seem to influence discomfort rating, as none of the participants reported feeling 
discomfort or pain at the position of the optodes when explicitly asked. Furthermore, 
the actual inflation pressures for the staircase inflation pattern differed slightly from 
the target pressures, due to the rapid nature of inflation/deflation and the difference in 
cuff sizes. While the target pressures were 10, 20, 30, 40, 50 and 60 kPa, the actual peak 
inflation pressures were 13.1, 22.7, 32.1, 42.1, 54.2 and 61.4 kPa, respectively. Moreover, 
the rate of deoxygenation might have been influenced by the relatively slow rate of 
cuff inflation during the ramp inflation pattern, possibly restricting venous blood 
influx before arterial. Despite a seemingly important difference in the mean decrease 
in oxygenation at the calf and thigh, we have found large inter-individual variations; 
therefore, additional studies would be needed to confirm that assessment sites have an 
effect on the amount of tissue deoxygenation at painful compression. In our study, we 
have largely focused on subjective assessment of the pre-pain discomfort that human-
centered design aims to avoid. Despite detailed instructions, participants’ ratings 
seemed to be considerably diverse, presumably due to the factors reported in previous 
studies (Buckle and Fernandes 1998; Mukhopadhyay et al. 2007; Shen and Parsons 1997). 
Finally, we also identify a potential for future studies to address monitoring of brain 
signals by means of NIRS or EEG in the context of discomfort/pain perception.
7.5. Conclusions
With this study, we aimed to simulate the use of continuous and intermittent 
mechanical loading that soft lower limb exoskeletons can exert on the wearer’s body. 
We aimed to study the effect of circumferential compression at the thigh and calf on 
the development of discomfort and pain, and on tissue oxygenation.
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Our findings show that both discomfort and pain are triggered at significantly lower 
pressures at the thigh than at the calf. Discomfort and pain also occur at significantly 
lower pressures during tonic compared to phasic compression. Moreover, pain occurs at 
lower pressures with wider compared to narrower pneumatic cuffs. According to these 
findings, it is preferable to interface exosuits with the user’s body at anatomical sites 
with smaller volumes of soft tissue, and using narrow cuffs and phasic compression 
whenever possible.
Our investigation of changes in deep tissue oxygenation found that phasic compression 
tends to cause an increase in oxygenation, whereas tonic compression decreases it. A 
larger mean decrease in oxygenation was found when pain was detected at the calf than 
at the thigh. Cuff width did not have a significant effect on the decrease in oxygenation 
at painful compression, suggesting that the occurrence of pain could be connected to 
a certain fall in tissue oxygenation.
7.6. Key points
•	 Circumferential	compression	with	pneumatic	cuffs	triggers	discomfort	and	pain	 
at significantly lower pressures at the thigh than at the calf, and with tonic 
compared to phasic inflation pattern.
•	 Circumferential	compression	with	wider	cuffs	triggers	pain	at	significantly	lower	
inflation pressures than with the narrower.
•	 Phasic	compression	with	pneumatic	cuffs	causes	an	increase	in	deep	tissue	





Chapter 8. Circumferential tissue compression at the lower  
 limb during walking, and its effect on discomfort,  
 pain and tissue oxygenation: application to soft  
 exoskeleton design 
Purpose: The aim of this study was to establish circumferential inflation pressures 
that trigger discomfort and pain at the thigh and calf of healthy participants, using 
different widths of pneumatic cuffs and inflation patterns during walking, and their 
comparison to those during standing. The influence of circumferential compression on 
deep tissue oxygenation was also studied.
Background: In our previous study, discomfort and pain detection thresholds were 
established with participants standing still. During walking, muscle tone at the 
assessment sites changes cyclically, which may influence pressure transmission 
efficiency to deeper tissues. The increased demand of muscle tissue for oxygen and 
the effects of the muscle pump on venous blood flow may influence tissue oxygenation 
at the assessment sites. There is a need to investigate the influence of circumferential 
compression of various modalities, as applied by soft exoskeletons at the thigh and 
calf of healthy participants, on discomfort and pain perception, and deep tissue 
oxygenation during walking.
Novelty and contribution to knowledge: This paper presents research detailing the 
influence of dynamic muscle activity on discomfort/pain perception, and deep tissue 
oxygenation during circumferential compression at the thigh and calf. To simulate 
mechanical loading of the tissues as applied by soft exoskeletons for ambulation 
assistance, gait velocity was chosen that enables safe crossing of the street.
Submitted to: ‘Applied Ergonomics’
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The purpose of this study was to establish the relationship between circumferential 
compression at the thigh and calf during tonic and phasic loading when walking, and 
the resultant discomfort/pain and tissue oxygenation changes, in order to inform the 
design of soft exoskeletons.
The results show that pain is triggered at significantly lower pneumatic cuff inflation 
pressures at the thigh than at the calf. Both discomfort and pain are triggered at 
significantly lower pressures with tonic compared to phasic compression, and with 
wider pneumatic cuffs. Moreover, the pressures that cause discomfort and pain are 
lower during walking than standing still. And finally, deep tissue oxygenation increases 
during phasic compression and decreases during tonic compression.
According to the findings, circumferential compression by soft exoskeletons is 
preferably applied at anatomical sites with smaller volumes of soft tissue, using narrow 
connection cuffs and inflation pressures below 14 kPa (tonic compression) or 22 kPa 
(phasic compression).
Keywords: Soft exoskeleton-human interaction, Mechanical soft tissue loading, Walking
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8.1. Introduction
In the past decade, powered gait-assistive devices have been made commercially 
available for locomotion assistance and gait rehabilitation in the medical field, and 
augmentation of human abilities for military and industrial purposes. To date, the vast 
majority of exoskeletons are manufactured from hard materials that apply mechanical 
loads to the user’s body via rigid components. Recently, attempts are being made to 
develop lighter, low-profile soft robotic devices, composed of textiles and similar 
soft materials, referred to as soft exoskeletons or exosuits (Asbeck et al. 2014). With 
the increasing interest in exosuits, the design of the physical human-robot interface 
has been gaining much attention in ergonomics with the aim to limit/eliminate the 
wearers’ discomfort and prevent tissue damage.
At the human-exosuit interface, external pressure is exerted on the limbs, resulting in 
mechanical loading of the soft tissues (i.e., skin, adipose and muscle tissues), that can 
potentially lead to pressure-related deep tissue injury if excessive. The risk for soft tissue 
damage depends on the magnitude of external loading, its direction, distribution, duration, 
and loading cycle frequency (Bader 1990; Mak et al. 2001); but also on the thickness, tone, 
mechanical stiffness and integrity of the intervening soft tissues, and the proximity of 
bony prominences (Sangeorzan et al. 1989; Agam and Gefen 2007; Linder-Ganz and Gefen 
2009b; Oomens et al. 2010; Tamez-Duque et al. 2015). Thus, safe thresholds for mechanical 
loading of soft tissues cannot only be based on interface pressure measurements, and 
attempts are being made to employ additional physiological measures.
In our previous study (Kermavnar et al. 2019c, Study in review) we have proposed that 
perceived discomfort at the human-exosuit interface and deep tissue oxygenation be 
used as indicators of potential tissue overloading. Cuff pressure algometry studies 
performed at the lower leg have shown that circumferential compression of soft tissues 
typically causes pain at 20–27 kPa in healthy participants (Kermavnar et al. 2018a), and 
under 20 kPa in patients with chronic pain (Kermavnar et al. 2018b), who tend to be the 
target user population for gait-assistive devices. However, algometry studies are typically 
performed on subjects in the supine or seated position, and with tonic pressures, which 
might render the results inapplicable to the conditions during soft exoskeleton use. 
Namely, the user of a powered gait-assistive device is standing or walking, thus the 
muscle tissue at the lower limbs is constantly activated in an intermittent manner, and 
the mechanical loading is phasic. Moreover, algometry focuses on painful stimuli and 
does not address the non-painful discomfort.
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In the current study, we define discomfort as an unpleasant sensation that occurs 
prior to pain, and increases with the increase of pain. Therefore, the intensity of 
discomfort ranges from barely perceivable (no pain) to unbearable (unbearable pain), 
and the detection of pain occurs at a certain point between the two extremes (Pain 
Detection Threshold - PDT). As user-centered design aims to eliminate every possibility 
of tissue damage, our study focuses on mechanical loading that occurs below PDT. In 
our previous study (Kermavnar et al. 2019c, Study in review) we found that Discomfort 
Detection Thresholds (DDTs) differ for different assessment sites and patterns of 
mechanical loading during standing, corresponding to the risk factors for soft tissue 
damage outlined above. Therefore, we need to establish safe thresholds for each of the 
possible loading combinations separately.
In addition to discomfort/pain, soft tissue oxygenation changes during compression 
can provide information on the physiological effects of the levels and temporal patterns 
of mechanical loading. Localised areas of soft tissue breakdown due to localised 
ischemia (Bouten et al. 2003; Stekelenburg et al. 2008) are particularly common in 
individuals who are exposed to longer durations of tissue compression, e.g. patients 
who are confined to beds, chairs and/or wheelchairs for long durations, and people 
who wear prostheses or orthoses (Bouten et al. 2003). Several attempts have been made 
to prevent soft tissue breakdown by identifying oxygen deprivation before irreversible 
damage occurs. Various techniques have been used that primarily focused on skin 
oxygenation and perfusion. However, skeletal muscle is known to be least resistant 
of all tissues to pressure-induced damage (Nola and Vistnes 1980), thus more recent 
studies suggest that deeper layers of soft tissue are also monitored (Bouten et al. 2003). 
Due to its ability to provide information about the deeper layers of soft tissue, Near-
Infrared Spectroscopy (NIRS) is recognized as a promising method to aid in assessing 
muscle tissue oxygenation.
In our previous study (Kermavnar et al. 2019c, Study in review) we have found a 
significant effect of assessment site, pneumatic cuff width, and inflation pattern on 
discomfort during circumferential compression at the lower limb while standing. The 
aim of this current research was to address dynamic aspects of exoskeleton use that 
cause additional fluctuations of contact forces at the human-exosuit interface during 
walking. The relationship between compression at the lower limb, the development of 
discomfort, and the changes in soft tissue oxygenation was studied under dynamic 
loading conditions, and compared to the results under static conditions.
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8.2. Material and methods
8.2.1. Study design
The experiment was a 2×2×2 full factorial design. The independent variables were the 
assessment site (thigh and calf), pneumatic cuff width (5 and 12 cm) and inflation pattern 
(ramp and staircase). The dependent variables were Pain Detection Threshold (PDT) 
and Discomfort Detection Threshold (DDT). From the NIRS recordings, the change 
in deep tissue oxygenation under the cuff (Tissue Oxygenation Change - ΔStO2) was 
extracted as the difference between the baseline StO2 and StO2 at the end of vascular 
occlusion (Figure 42). ΔStO2 was used to compare the effects of the assessment site, 













Figure 42: Pressure-induced Tissue Oxygenation Change (ΔStO2).
Testing was performed in a randomized order, with both cuff widths and inflation 
patterns used first at one of the assessment sites and then the other.
8.2.2. Participants
Healthy volunteers were recruited from the University of Limerick. Volunteers were 
excluded from the study if any of the following criteria were present: (1) BMI ≥ 30 kg/m2; 
(2) skin fold at the assessment site ≥ 40 mm; (3) medical history of cardiovascular, 
respiratory, neurological or endocrine disease; (4) current musculo-skeletal injury or 
disorder, acute or chronic pain, local skin injury or disorder at the lower limb; (5) use 
of medications that could influence the cardiovascular, respiratory or nervous system; 
(6) special diet or use of food supplements. Participants were required to abstain from 
caffeine, nicotine, alcohol and food intake 8 hours prior to testing, and were asked to 
167
avoid strenuous exercise 24 hours prior to testing. This research was approved by the 
Research Ethics Committee at the University of Limerick.
8.2.3. Equipment
8.2.3.1. Pneumatic cuffs
A Hokanson SC5 tourniquet cuff (width 5 cm) and Hokanson Rapid deflate SC12D (width 
12 cm) were used. The cuffs were positioned at the dominant thigh and calf, loosely 
wrapped with a non-elastic adhesive tape (Leukosilk, BSN medical GmbH, Hamburg, 
Germany) to ensure an even distribution of pressure, and secured in place with elastic 
straps attached to a waist belt (Thermoskin Adjustable back stabiliser, United Pacific 
Industries Pty Ltd, Kilsyth, Australia) via VelcroTM at the front and back to prevent it 
from slipping down the leg (Figure 43).
Figure 43: Pneumatic cuff mounting on the body, in this case on the thigh.
8.2.3.2. Computerized cuff inflation apparatus
A custom-made computer controlled pneumatic system (Design Pro, Rathkeale, Co. 
Limerick Ireland) was used to regulate pneumatic cuff inflation pressure and cycle 
timing. The computer system was also used to record perceived discomfort, rated 
continuously on a 100 mm hand-held electronic VAS and the NIRS signals from two 
assessment sites. 
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The computerized cuff inflation system was programmed in this instance to perform 
two inflation patterns, (1) staircase and (2) ramp. The staircase pattern involved an 
incremental rapid inflation and deflation to increasing target pressures (10, 20, 30, 40, 50, 
60 kPa). The pressure pattern was 2 seconds of pressure, rapid deflation, and 8 seconds 
of no compression, followed by the next incremental pressure (Figure 44). The ramp 
pattern involved continuous inflation at 1 kPa/s to a maximum of 60 kPa (Figure 44). 
Thus, inflation pressure increased at the same rate for both patterns, with the staircase 
pattern allowing for intermittent recovery, which simulated the type of mechanical 
loading by exosuits that would occur during walking. No pressures were tested above 
60 kPa on safety grounds. Based on previously reviewed algometry studies (Kermavnar 
et al. 2018a), it was expected that participants would terminate their treatments for 
PDT below this level of pressure. 
Figure 44: Staircase inflation pattern (left) and ramp inflation pattern (right).
8.2.3.3. Discomfort rating
During the experiments, the participants continuously rated their perception of 
discomfort on a 100-mm electronic VAS with values ranging from 0 (no discomfort) 
to 10 (unbearable discomfort). The scale was based on the VAS of pain intensity 
and the Borg CR10 scale that are used in algometry studies (Borg 1998; Jensen et al. 
2003; Lofgren et al. 2018), according to which the perception of a certain attribute 
stretches from “nothing at all - 0” to “the strongest one has ever experienced - 10”. The 
participants were requested to terminate the inflation when the compression became 
painful rather than just uncomfortable by pressing the “stop” button. The participants’ 
discomfort was continuously sampled and monitored at 10 Hz. The inflation pressure at 
termination was recorded as PDT, and the inflation pressure at VAS>0 as DDT.
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8.2.3.4. Deep tissue oxygenation
Deep tissue oxygenation during cuff inflation was monitored using a near infrared 
spectroscopy system (MoorVMS-NIRS, Moor Instruments, UK) with NIRS optodes 
(NP1, Moor Instruments, UK) at an interoptode distance of 40 mm. Due to the dynamic 
effects of walking on NIRS signal, baseline StO2 was calculated as the mean value of 
StO2 in the last 10 seconds before cuff inflation, and minimum StO2 as the mean value 
of StO2 in the last 5 seconds before and the first 5 seconds after PDT was reached and/
or cuff inflation was terminated.
8.2.4. Procedure
The participants attended a single testing session. Prior to beginning the experiment, 
written informed consent was obtained and participants were asked about their health 
status to ensure that they did not have any of the conditions that would preclude 
them from taking part in the study. Next, the following information were recorded: 
participants’ age, sex, race and engagement in sports. Anthropometric data in relation 
to NIRS was obtained: stature and body mass; thigh and calf length; thigh and calf 
width anterior-posteriorly and lateral-medially; thigh circumference and skin fold at 
2/3 distance between greater trochanter and lateral epicondyle, over m. vastus lateralis; 
calf circumference and skin fold at the widest part of m. gastrocnemius (medial head). 
All lower limb measurements during compression were performed at the dominant 
limb. Ambient temperature and humidity were also recorded.
The NIRS optodes were attached to the participant’s dominant and contralateral 
lower limb, at one of the respective assessment sites. For the thigh, the optodes were 
positioned over m. vastus lateralis at 2/3 distance between greater trochanter and 
lateral epicondyle; and at the calf, over the medial head of m. gastrocnemius, at the 
site of largest circumference. The skin under the probes was cleaned and shaven to 
optimize optode-skin coupling and signal quality. The optodes were then covered with 
manufacturer-supplied probe holders and attached to the skin with adhesive pads. For 
the dominant limb, one of the pneumatic cuffs was mounted over the optodes and 
connected to the inflation device. The cuff was then inflated using one of the inflation 
patterns. During the inflation, the participants continuously rated their perception 
of discomfort on the hand held electronic VAS slider. Cuff inflation continued until 
the participant started feeling pain rather than just discomfort, at which point they 
terminated the inflation by pressing the “stop” button. In case pain did not occur, the 
inflation was automatically terminated at 60 kPa.
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After each treatment, the participants rested until their deep tissue oxygenation 
returned to baseline. They then completed the other inflation pattern for that 
experimental setup. When both patterns were tested, the procedure was repeated with 
the next cuff size. After testing all cuffs with both inflation patterns, the NIRS optodes 
and pneumatic cuff were moved to the other assessment site and the entire procedure 
was repeated.
All recordings were performed with the participants walking on the treadmill at 
1.2 m/s, i.e. the walking speed necessary to safely cross the street (Amosun et al. 2007; 
Romero-Ortuno et al. 2010; Asher et al. 2012).
8.2.5. Data analysis
All data were analyzed using IBM® SPSS Statistics software Version 25, with significance 
set at p < 0.05. Three-way repeated measures ANOVA was performed with assessment 
site, cuff width and inflation pattern as the independent variables, and DDT, PDT and 
ΔStO2 as dependent variables. Within-subjects effects were assessed using an F-test 
with Mauchly's test and Huynh-Feldt correction for violation of sphericity. Data are 
presented as mean and standard deviation (SD), and in plots with the means and 
standard error (SE).
8.3. Results
8.3.1. Participants and environmental details
This study included 21 healthy participants (5 female, 16 male) aged 18-57 years (median 
age: 20 years), recruited from the University of Limerick. Twenty participants were 
Caucasian, one male was African. Four females and nine males reported that they engaged 
in sports. Participants’ anthropometric data are summarized in Tables 22 and 23. Ambient 
temperature and humidity during testing were 23.9°C ± 0.3 and 41.4% ± 7.1 respectively.
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Thigh Calf Thigh Calf Thigh Calf Thigh Calf Thigh Calf
Mean 1793.6 74.2 23.0 415.0 382.8 455.1 369.3 146.4 117.8 126.4 110.6 12.4 8.3
SD 66.7 11.4 2.5 30.5 25.4 49.2 27.1 13.8 9.5 9.5 9.1 4.8 2.8
Median 1808.0 72.0 22.8 420.0 382.0 445.0 366.0 145.0 115.0 124.5 110.5 11.9 8.0
BMI – body mass index, ANT-POST – antero-posterior, LAT-MED – latero-medial, SD – standard deviation

















Thigh Calf Thigh Calf Thigh Calf Thigh Calf Thigh Calf
Mean 1654.0 60.8 22.2 427.0 354.8 462.0 351.0 146.4 108.2 133.2 104.2 21.4 17.1
SD 52.9 6.9 2.2 48.4 11.8 47.2 21.3 20.0 6.1 10.6 5.8 9.3 7.3
Median 1679.0 61.0 22.0 430.0 359.0 445.0 360.0 136.0 110.0 134.0 105.0 23.5 19.0
BMI – body mass index, ANT-POST – antero-posterior, LAT-MED – latero-medial, SD – standard deviation
8.3.2. Repeated measures ANOVAs
The results of the ANOVAs are presented in Table 24, and the associated mean and 
standard deviation values for the combinations of treatments are presented in Table 25.
Cuff width and inflation pattern had a significant effect on DDT (p < 0.05), but assessment 
site did not, nor were there any significant interactions. For PDT, assessment site, cuff 
width and inflation pattern had a significant effect (p < 0.05), and there was a highly 
significant two-way interaction between cuff width and inflation pattern (p < 0.01). 
Regarding ΔStO2, assessment site and inflation pattern had a significant effect (p < 
0.05), but cuff width did not (p = 0.748), and there were no statistically significant two-
way or three-way interactions between the factors.
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Table 24: Results of the repeated measures ANOVAs 













































DDT – Discomfort Detection Threshold, PDT - Pain Detection Threshold, ΔStO2 – Tissue Oxygenation Change;
* p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
Table 25: Mean values for each dependent variable, for each experiment combination 
(SD in brackets)
Assessment site Cuff width (cm) Inflation pattern DDT (kPa) PDT (kPa) ∆StO2 (%)
Thigh
5
Ramp 18.6 (10.0) 54.9 (13.1) 2.2 (6.7)
Staircase 25.3 (14.0) 59.6 (4.8) -3.1 (8.6)
12
Ramp 14.1 (5.7) 43.4 (14.6) -1.7 (9.5)
Staircase 22.7 (7.4) 54.9 (13.2) -4.8 (10.7)
Calf
5
Ramp 17.0 (7.5) 56.0 (9.3) 4.8 (13.0)
Staircase 27.5 (14.5) 60.3 (2.7) 1.0 (12.0)
12
Ramp 14.2 (5.0) 48.5 (14.2) 10.6 (16.0)
Staircase 23.6 (10.5) 58.9 (6.0) -1.6 (9.0)
DDT – Discomfort Detection Threshold, PDT - Pain Detection Threshold, ΔStO2 – Tissue Oxygenation Change.
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8.3.3. Discomfort Detection Threshold (DDT)
The findings showed a highly significant main effect (p < 0.001) of inflation pattern, and 
a statistically significant main effect (p < 0.05) of cuff width on DDT, as presented in 
Figure 45. With the ramp inflation pattern, discomfort was triggered at mean inflation 
pressures of 14.1-18.6 kPa, and with the staircase inflation pattern at 22.7-27.5 kPa.
Discomfort was triggered at mean inflation pressures of 17.0-27.5 kPa for the narrow 



















Figure 45: DDT for cuff width vs. inflation pattern. The inflation pattern had a highly significant 
(p < 0.001), and the cuff width a significant (p < 0.05) main effect on DDT. The interaction between cuff width 
and inflation pattern was not significant (p = 0.819); * p < 0.05, *** p ≤ 0.001.
The main effect of assessment site on DDT was not significant (p = 0.584), as presented 
in Figures 46 and 47. At the thigh, discomfort was triggered at mean inflation pressures 
of 14.1-25.3 kPa, and at the calf, at mean inflation pressures of 14.2-27.5 kPa. There were 





















Figure 46: DDT for assessment site vs. cuff width. The cuff width had a significant main effect on DDT 
(p < 0.05), whereas the assessment site did not (p = 0.584). The interaction between assessment site and cuff 

















Figure 47: DDT for assessment site vs. inflation pattern. The inflation pattern had a highly significant main 
effect on DDT (p < 0.001), whereas the assessment site did not (p = 0.584). The interaction between assessment 
site and inflation pattern was statistically insignificant (p = 0.115); *** p ≤ 0.001.
8.3.4. Discomfort perception in relation to cuff inflation pressure
Multiple regression analysis was performed to predict discomfort (VAS) based on cuff 
inflation pressure, adipose tissue thickness and the pneumatic cuff width (Table 26). 
When the equations are calculated with sample values at the extremes of the independent 
variables, they predict some values just outside the VAS range sampled (0-100). This 
reflects the quality of fit obtained (R2 values) for the equations.
The model for the thigh had an R2 value of 0.539 and the model for the calf an R2 value 
of 0.573. Both equations and the individual predictor variables were highly significant. 
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Table 26: Discomfort perception in relation to cuff inflation pressure.
 Regression equation R2 pModel pInfP pCW pATT
Thigh  VAS = -11.535 + 1.256 InfP - 1.834 ATT + 2.089 CW 0.539 <0.001 <0.001 <0.001 <0.001
Calf  VAS = -7.520 + 1.214 InfP – 1.869 ATT + 0.968 CW 0.573 <0.001 <0.001 <0.001 <0.001
InfP – Cuff inflation pressure (kPa), ATT – Adipose tissue thickness (mm), CW – width of the pneumatic 
cuff (cm)
8.3.5. Pain Detection Threshold (PDT)
The findings showed a significant main effect (p < 0.05) of all within-subject factors on 
PDT, as presented in Figures 48-50. The effect of cuff width and inflation pattern was 
highly significant (p < 0.01). At the thigh, pain was triggered at mean inflation pressures 
of 54.9-59.6 kPa for the narrow cuff, and 43.4-54.9 kPa for the wide cuff. At the calf, 
pain was triggered at mean inflation pressures of 56.0-60.3 kPa with the narrow cuff, 
and 48.5-58.9 kPa with the wide cuff. PDT was reached at 43.4-56.0 kPa with the ramp 
inflation pattern, and at 54.9-60.3 kPa with the staircase inflation pattern. The two-
way interaction between cuff width and inflation pattern was highly significant (p < 























Figure 48: PDT for assessment site vs. cuff width. The assessment site had a significant (p < 0.05), and the 
cuff width a highly significant (p < 0.001) main effect on PDT. The interaction between assessment site and cuff 




















Figure 49: PDT for assessment site vs. inflation pattern. The assessment site had a significant (p < 0.05), and 
the inflation pattern a highly significant (p < 0.01) main effect on PDT. The interaction between assessment site 



















Figure 50: PDT for cuff width vs. inflation pattern. Both, the cuff width and the inflation pattern had a 
highly significant main effect on PDT (p < 0.001 and < 0.01 respectively). The interaction between cuff width and 
inflation pattern was statistically highly significant (p < 0.01); ** p ≤ 0.01, *** p ≤ 0.001.
8.3.6. Tissue oxygenation change (ΔStO2)
A highly significant main effect of the inflation pattern (p < 0.01), and a significant 
main effect of the assessment site (p < 0.05) on ΔStO2 were found, as shown in Figure 51. 
In general, tissue oxygenation decreased during ramp inflation (positive ΔStO2) and 
increased during staircase inflation (negative ΔStO2). The mean decrease in oxygenation 
was more prominent at the calf (4.8 to 10.6 %) than at the thigh (-1.7 to 2.2 %), whereas 
the mean increase in oxygenation was larger at the thigh (-4.8 to -3.1 %) than at the calf 



















Figure 51: ΔStO2 for assessment site vs. inflation pattern. The inflation pattern had a highly significant 
main effect on ΔStO2 (p < 0.001), and the effect of the assessment site was statistically significant (p < 0.05). 
The interaction between assessment site and inflation pattern was not statistically significant (p = 0.136); 
* p < 0.05, *** p ≤ 0.001.
Cuff width did not have a significant effect on ΔStO2. The two-way and three-way 
interactions were not significant. However, an interaction was apparent between the 














Figure 52: ΔStO2 for assessment site vs. cuff width. The main effect of the assessment site on ΔStO2 was 
statistically significant (p < 0.05), whereas the main effect of cuff width was not (p = 0.748). The interaction 
between assessment site and cuff width was prominent but not statistically significant (p = 0.063); 
* p < 0.05.
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8.4. Discussion
8.4.1. Discomfort (DDT) and pain (PDT)
The mean inflation pressures that caused discomfort ranged from 14.1 kPa for the ramp 
inflation of the wide cuff at the thigh to 27.5 kPa for the staircase inflation of the narrow 
cuff at the calf. The mean inflation pressures that caused pain ranged from 43.4 kPa for 
the ramp inflation of the wide cuff at the thigh to 60.3 kPa for the staircase inflation of 
the narrow cuff at the calf.
Overall, phasic loading was significantly better tolerated than tonic loading, with the 
mean pressure that caused discomfort being 16 kPa for the ramp and 24.8 kPa for the 
staircase inflation pattern, and the mean pressure that caused pain being 50.7 kPa for 
the ramp and 58.4 kPa for the staircase inflation pattern. This finding was expected due 
to intermittent relief of discomfort and tissue reperfusion in case of phasic compression. 
With two exceptions (ramp inflation pattern at the thigh), discomfort was triggered at 
lower pressures during walking than those found in our previous study on participants 
standing still (Kermavnar et al. 2019c, Study in review). Similarly, pain was triggered 
at lower pressures during walking than standing, with the exception of using the wide 
cuff and ramp inflation pattern (Table 27). Some of the possible explanations for lower 
tolerance for compression during walking could be: (1) the mechanical restriction of 
muscle contraction by the cuff; (2) the increased mechanical stiffness of soft tissues 
under compression; and (3) the presence of parallel shear during movement.
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Table 27: Comparison of mean inflation pressures related to DDTs and PDTs during 
walking and standing.
    
Assessment site Cuff width (cm) Inflation pattern DDT (kPa) PDT (kPa)
Walking Standing* Walking Standing*
Thigh
5 Ramp 18.6 16.7 54.9 56.4
Staircase 25.3 25.7 59.6 61.2
12 Ramp 14.1 12.3 43.4 39.5
Staircase 22.7 23.4 54.9 59.5
Calf
5 Ramp 17.0 19.3 56.0 57.2
Staircase 27.5 29.4 60.3 60.7
12 Ramp 14.2 21.5 48.5 56.1
Staircase 23.6 31.7 58.9 61.2
Mean 20.4 22.5 54.6 56.5
DDT – Discomfort Detection Threshold, PDT - Pain Detection Threshold.
* Kermavnar et al. 2019c, Study in review
According to multiple regression analysis, the intensity of discomfort during walking 
can be predicted on the basis of cuff inflation pressure, adipose tissue thickness and 
the pneumatic cuff width both at the thigh and at the calf. The intensity of discomfort 
is significantly higher, the higher the inflation pressure, the larger the cuff width, and 
the smaller the adipose tissue thickness.
8.4.2. The influence of assessment site on the perception of discomfort and pain
The results of this study suggest that discomfort and pain are generally triggered at 
lower pressures at the thigh than at the calf, which is in agreement with our previous 
study (Kermavnar et al. 2019c, Study in review). However, as opposed to standing still, 
the difference between pressure levels that trigger discomfort at the thigh and calf 
during walking is not significant. 
8.4.3. The influence of pneumatic cuff width and inflation pattern on the  
 perception of discomfort and pain
Wider cuffs were found to cause pain at significantly lower inflation pressures than 
narrower cuffs, which is consistent with previous studies (Polianskis et al. 2002b; 
Lemming et al. 2017), and occurs due to spatial summation of pain. The findings of this 
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study suggest that spatial summation might apply to the pre-pain discomfort as well.
Furthermore, tonic compression caused discomfort and pain at significantly lower 
inflation pressures than phasic compression. This was expected, as each individual 
loading was of short duration and relief was provided between the compressions. It 
should be noted, however, that constant painful stimuli have been shown to result 
in adaptation to pain, whereas oscillating stimuli do not (Polianskis et al. 2002b). 
Finally, the combination of cuff width and inflation pattern significantly affected the 
occurrence of pain, but not discomfort.
8.4.4. The influence of assessment site, pneumatic cuff width and inflation  
 pattern on deep tissue oxygenation
At the thigh and calf, tissue oxygenation increased with phasic compression and 
decreased with tonic compression. However, pain occurred at higher pressures at 
the calf, and simultaneously significantly larger decreases in oxygenation occurred 
than at the thigh, which suggests that: (1) there is an important negative correlation 
between inflation pressure and deep tissue oxygenation; and (2) oxygen deprivation is 
better tolerated at the calf than at the thigh. Moreover, the increase in oxygenation at 
painful compression was significantly larger at the thigh, which suggests that the thigh 
circulation might react more prominently to oxygen deprivation. Furthermore, wider 
cuffs seem to enhance these effects, which could be attributed to the fact that wider 
cuffs eliminate arterial blood flow at lower inflation pressures (Graham et al. 1993), 
causing a more rapid decrease in tissue oxygenation.
8.4.5. Application of findings to soft exoskeleton design
The findings of this study suggest that circumferential compression at the lower limb 
is preferably performed at anatomical sites with smaller volumes of muscle tissue and 
larger adipose tissue thickness, using narrow cuffs, phasic compression, and inflation 
pressures below 14 kPa for tonic compression and below 22 kPa for phasic compression 
with cuff widths up to 12 cm. However, previous studies have shown that the nature of 
the compressed site (Segers et al. 2002), muscle tone under the cuff (Hughes et al. 2018), 
and the geometric and mechanical properties of the cuffs (Naqvi et al. 2017) importantly 
influence the transmission of cuff inflation pressure to the tissues. Therefore, additional 
studies are needed to relate the inflation pressure to interface pressure in order to 
provide adequate guidance for soft exoskeleton design.
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8.4.6. Limitations
As in our previous study under static conditions, deep tissue oxygenation was 
monitored directly under the pneumatic cuff during inflation, and the extent to which 
the compression of NIRS probes against the tissue might have influenced the readings is 
not clear. Furthermore, it is unclear whether walking at the considerable pace of 1.2 m/s 
caused additional discomfort due to fatigue, especially for shorter participants whose 
cadence was higher. Also, walking might have presented a distraction that influenced 
the rating of discomfort. Finally, a larger number of participants were tested than in 
our previous study, and their median age was lower (20 years as opposed to the previous 
35 years), which could have influenced the results.
8.5. Conclusions
In this study, the dynamic aspects of soft tissue compression at the lower limb during 
walking were addressed and compared to the results of our previous study performed 
under static conditions. The aim was to inform the design of soft exoskeletons in terms 
of excessive mechanical loading prevention. For that purpose, the development of 
discomfort, pain and tissue oxygenation changes during circumferential compression 
at the thigh and calf were studied.
Our findings show that pain is triggered at significantly lower pneumatic cuff inflation 
pressures at the thigh than at the calf. Both discomfort and pain also occur at significantly 
lower pressures during tonic compared to phasic compression, and with the use of wider 
pneumatic cuffs. The inflation pressures that trigger discomfort and pain are lower 
during walking than standing, although the differences are not significant. Regression 
models based on cuff inflation pressure, adipose tissue thickness and pneumatic cuff 
width can be used to predict the intensity of discomfort during walking.
Moreover, deep tissue oxygenation increases during phasic compression and decreases 
during tonic compression. The increase in deep tissue oxygenation is significantly 
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Chapter 9. The effect of simulated circumferential soft  
 exoskeleton compression at the knee on  
 discomfort and pain
Purpose: The aim of this study was to establish circumferential inflation pressures 
that trigger discomfort and pain at the knee of healthy participants using graduated 
compression during standing; and to establish the relationship between the number 
of intermittent compressions synchronised with cadence, and discomfort intensity 
during walking.
Background: Discomfort and pain inducing magnitudes of circumferential compression 
have been established at relatively homogeneous sites of the lower limb with large volumes 
of soft tissue, but not at anatomically complex sites, such as the joints. Certain abnormal 
gait patterns present with inability to stabilise individual joints in crucial phases of the 
gait cycle, and these could benefit from intermittent external immobilisation of the joint, 
synchronised with the individual’s cadence. Painful intermittent stimulation of higher 
frequencies is known to trigger an increase in pain perception, but it is not clear whether 
the same applies to non-painful stimuli, leading to an eventual development of pain. 
Thus, there is a need to simulate joint stabilisation by tonic and phasic circumferential 
compression at the knee during standing and walking, and to investigate its effect on 
the perception of discomfort and pain.
Novelty and contribution to knowledge: The study addresses the differences 
between discomfort and pain detection thresholds at the knee compared to the thigh 
and calf, and the possibility and consequences of intermittent joint stabilisation during 
walking using circumferential compression as per soft exoskeletons. Compression 
using pneumatic cuffs as in cuff pressure algometry was used to simulate the forces 
applied to the knee.
Submitted to: ‘Ergonomics’
The author of this thesis conceived the idea for the experiment, defined the methodology, 
performed the experiment, analysed and discussed the results, and decided on the 
relevant conclusions.
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There is a lack of data and guidance on soft exoskeleton pressure contact with the body. 
The purpose of this research was to study the relationship between circumferential 
loading at the knee and discomfort/pain, to inform the design of soft exoskeletons/
exosuits. The development of discomfort and pain were studied during standing and 
walking with circumferential compression using a pneumatic cuff.
Our results show higher tolerance for intermittent than continuous compression during 
standing. Discomfort was triggered at pressures ranging from 13.7 kPa (continuous 
compression) to 30.4 kPa (intermittent compression), and pain at 52.9 kPa (continuous 
compression) to 60.6 kPa (intermittent compression).
During walking, cyclic compression caused an increase in discomfort with time. Higher cuff 
inflation pressures caused an earlier onset and higher end intensities of discomfort than 
lower pressures. Cyclic cuff inflation of 10 kPa and 20 kPa was reasonably well tolerated.
Keywords: Soft exoskeleton, circumferential compression, joint, discomfort and pain. 
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9.1. Introduction
Exoskeletons are wearable robots used in medical, military and industrial settings to 
assist with locomotion and gait rehabilitation, and to augment human strength and 
performance. Traditional exoskeletons consist of rigid components that apply torque at 
joints to control the user’s movement. They often tend to be bulky and heavy, and restrict 
the wearer’s natural gait (Asbeck et al. 2014). Recent developments have been directed 
towards low-profile, low-weight robotic devices composed of textiles and similar soft 
materials, referred to as soft exoskeletons, also termed exosuits (Asbeck et al. 2014).
Exosuits often apply tensile forces across joints to actuate movement, and do not restrict 
natural gait. They do not ordinarily provide an external standing support to the body, 
but rather rely on the wearer’s own bone structures to sustain all the naturally occurring 
compressive forces (Asbeck et al. 2015). However, certain abnormal gait patterns require 
joint stabilization/stiffening as well as actuation. These commonly occur in the growing 
elderly population and are often associated with medical conditions, typical for older 
age. For example, knee buckling with weight-bearing can occur in arthritis and certain 
psychogenic gait disorders (Lempert et al. 1991; Alexander 1996); hemiparetic gait 
associated with stroke can present with increased knee flexion, reduced knee flexion 
followed by knee hyperextension, or excessive knee hyperextension in the stance phase 
(Woolley 2001). Knee hyperextension may lead to abnormal gait, unbalance, increased 
risk of falling, and knee osteoarthritis among older adults (Noyes et al. 1996; D’Gasper 
et al. 2018). In the swing phase of hemiparetic gait, decreased knee extension prior to 
heel strike may occur, as well as decreased ankle dorsiflexion which leads to reduced 
floor clearance by the foot and toe dragging or compensatory circumduction of the leg 
(Balaban and Tok 2014). Dropfoot and ankle and knee instability among other post-stroke 
abnormalities can lead to significantly decreased walking velocities (Goldie et al. 1996). 
Hence, stabilization of joints by some exosuits is important, in addition to actuation.
One option to stabilize joints is already used in inflatable splints (Taly et al. 2002) that 
prevent joint movement by applying circumferential compression. A similar mechanism 
could be implemented into exosuit design due to the flexibility of the required 
materials and the possibility of compression magnitude, duration and frequency 
control. However, in order to avoid the wearers’ discomfort and prevent tissue damage, 
the physical human-robot interface needs to be carefully designed.
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Circumferential compression of the limbs causes mechanical loading of the soft tissues, 
mainly skin, adipose and muscle tissue that are compressed against the underlying bone. 
Excessive mechanical loading can lead to soft tissue injury and cause pressure ulcers 
due to localized ischemia, impaired lymphatic drainage, elevation of local lactic acid 
levels, reperfusion injury or sustained deformation of cells (Bouten et al. 2003; Agam 
and Gefen 2007; Stekelenburg et al. 2008; Reenalda et al. 2009). The risk for soft tissue 
damage due to external mechanical loading depends on: (1) the nature of the loaded 
tissue, i.e. its thickness, tone, mechanical stiffness, integrity and the proximity of bony 
prominences (Sangeorzan et al. 1989; Agam and Gefen 2007; Linder-Ganz and Gefen 
2009b; Oomens et al. 2010; Tamez-Duque et al. 2015); and (2) the nature of the loading, 
i.e. its magnitude, direction, distribution, duration and loading cycle frequency (Bader 
1990; Mak et al. 2001; Stekelenburg et al. 2008). Due to the many factors influencing the 
risk for soft tissue damage, safe thresholds for external mechanical loading can not 
only be based on interface pressures at load-bearing sites of the body (Bouten et al. 
2003; Agam and Gefen 2007; Reenalda et al. 2009; Oomens et al. 2010).
In previous studies, we addressed the magnitude and duration of mechanical loading 
in combination with discomfort and pain. In two systematic reviews, we focused on 
cuff pressure algometry as a surrogate for circumferential compression as in exosuits 
for patients and non-patients (Kermavnar et al. 2018a, 2018b). Separately, we conducted 
experiments in the context of circumferential compression at the thigh and calf using 
different sizes of pneumatic cuffs and inflation patterns for static (standing) and 
dynamic (walking) conditions (Kermavnar et al. 2019c, 2019d, Studies in review). Cuff 
inflation pressures that caused pre-pain discomfort (Discomfort Detection Threshold 
- DDT) and pain (Pain Detection Threshold - PDT) were assessed in addition to deep 
tissue oxygenation changes.
During standing, we found mean DDTs ranging from 12.0 to 32.2 kPa, and mean PDTs 
ranging from 35.8 to 61.2 kPa. In both cases, compression was best tolerated during 
staircase inflation of the widest cuff at the calf, and worst during ramp inflation of the 
widest cuff at the thigh. During walking, the mean DDTs ranged from 14.1 kPa to 27.5 
kPa, and mean PDTs ranged from 43.4 kPa to 60.3 kPa. In both cases, compression was 
best tolerated during staircase inflation of the narrow cuff at the calf, and worst during 
ramp inflation of the wide cuff at the thigh.
 
While discomfort and pain thresholds have been identified at anatomical sites with 
larger volumes of muscle tissue, little is known about the relationship between 
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mechanical loading and discomfort across bony joints. Thus, in this current work 
we focus on circumferential compression as applied by exosuits at the human-robot 
interface, extending our previous studies to the knee. By gaining insight into discomfort 
and pain, we aim to establish acceptable levels of circumferential compression at the 
knee during standing and walking.
9.2. Method
9.2.1. Study overview
The experiment was performed in two stages: (1) with the participants standing still 
(static conditions), and (2) with the participants walking on the treadmill (dynamic 
conditions). In static conditions, DDTs and PDTs at the knee were assessed as dependent 
variables, with the inflation pattern (i.e. loading magnitude and duration) as the 
independent variable. In dynamic conditions, discomfort and pain were assessed during 
cyclic loading. Four tests were performed at the knee with cyclic cuff inflation and the 
pressure magnitude, duration and cycle frequency as the independent variables. The 
following dependent variables were obtained (Figure 53): the number of compressions 
until the onset of discomfort (No. of compressions to DDT); the number of compressions 
until the onset of pain (No. of compressions to PDT); and the rating of discomfort at 
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Figure 53: Typical recording output during walking (4.3 km/h) and intermittent cuff inflation at the 
knee (40 kPa). DDT – Discomfort Detection Threshold, PDT – Pain Detection Threshold, EndVAS – Discomfort 
rating at termination of the experiment.
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9.2.2. Participants
Healthy volunteers were recruited from the University of Limerick. Volunteers were 
excluded from the study if any of the following criteria were present: (1) BMI ≥ 30 kg/m2; 
(2) current musculoskeletal, neurological, circulatory or endocrine condition or injury; 
(3) acute or chronic pain or muscle soreness resulting from vigorous exercise in the 
previous 48 hours; (4) current use of medication which interferes with sensory systems.
The study was approved by the University of Limerick Research Ethics Committee. 
Signed informed consent was obtained from all participants.
9.2.3. Equipment
9.2.3.1. Cuff inflation rig
A custom-made computer-controlled inflation device was used, designed by DesignPro 
Ltd (Rathkeale, Ireland) according to the descriptions of similar equipment employed 
in algometry. The device consists of a computer-controlled air-compressor, connected 
to a pneumatic tourniquet cuff, and a 100-mm electronic Visual Analog Scale (VAS) for 
continuous rating of perceived discomfort. Two pre-programmed inflation patterns were 
used in static conditions: (1) the staircase pattern with incremental rapid inflation to 
target pressures (10, 20, 30, 40, 50, 60 kPa), 2 seconds of target pressure, rapid deflation, 
and 8 seconds of no compression; and (2) the ramp pattern with continuous inflation at 1 
kPa/s (Figure 54). Maximum inflation pressure was set to 60 kPa for both patterns.
Figure 54: Static conditions: assessment site (left), staircase inflation pattern (middle), ramp inflation 
pattern (right).
190
In dynamic conditions, pneumatic cuff inflation was synchronized with the 
participant’s walking cycle by means of a foot switch attached to the controller of the 
inflation rig. The cuff was rapidly inflated to the pre-set pressure at heel strike of the 
dominant leg, and deflated at heel off (Figure 55). Four separate measurements were 
performed at cuff inflation pressures of 10, 20, 30 and 40 kPa, which were expected to 
not exceed the participants’ PDTs.
Figure 55: Dynamic conditions: pneumatic cuff inflation at heel strike, deflation at heel off.
9.2.3.2. Pneumatic cuff
A pneumatic cuff (Hokanson Rapid deflate SC12D) was positioned at the dominant 
knee, loosely wrapped with a non-elastic adhesive tape (Leukosilk, BSN medical 
GmbH, Hamburg, Germany) to ensure an even distribution of pressure, and secured in 
place with velcro straps attached to a waist belt (Thermoskin Adjustable back stabiliser, 
United Pacific Industries Pty Ltd, Kilsyth, Australia) at the front and back to prevent it 
from slipping down the leg (Figure 56).
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Figure 56: Pneumatic cuff mounting on the body.
9.2.3.3. Discomfort
During inflation, the participants continuously rated discomfort at the knee on a 100-
mm electronic sliding VAS, with values ranging from 0 (no discomfort) to 10 (unbearable 
discomfort). The scale was based on the VAS of pain intensity and the Borg CR10 scale 
that are used in algometry studies (Borg 1998; Jensen et al. 2003; Lofgren et al. 2018). The 
participants were requested to terminate the inflation when the compression became 
“painful” by pressing the “stop” button. The participants’ discomfort was continuously 
sampled and monitored at 10 Hz. The inflation pressure at termination was recorded as 
PDT, and the inflation pressure at the first rating of discomfort above 0 as DDT.
9.2.4. Procedure
The participants attended a single testing session. Prior to beginning the experiment, 
written informed consent was obtained and participants were asked about their health 
status to ensure that they did not have any of the conditions that would preclude 
them from taking part in the study. Next, the following information was recorded: 
participants’ age, sex and engagement in sports. Anthropometric data were obtained, 
including stature, body mass and dominant knee circumference at mid patella. Ambient 
temperature and humidity were also recorded.
The testing was first performed during standing to ensure that none of the pre-set 
pressures during walking exceeded the participants’ individual pain thresholds. The 
order of the tested inflation patterns during standing and inflation pressures during 
walking was randomized. 
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9.2.4.1. Standing (static conditions)
The pneumatic cuff was mounted over the knee with the centre of its bladder over 
the centre of the patella. The cuff was then inflated using the ramp or staircase 
inflation pattern while the participants stood still. During inflation, the participants 
continuously rated their perception of discomfort on the VAS. Cuff inflation continued 
until they started to feel pain rather than just discomfort, and they terminated the 
inflation by pressing the “stop” button. In case pain did not occur, the inflation was 
automatically terminated at 60 kPa. After the inflation, participants were provided a 
2-minute rest, and the procedure was repeated with the other inflation pattern.
9.2.4.2 Walking (dynamic conditions)
The pneumatic cuff was positioned as described above. The foot switch was placed 
inside the participant’s shoe, under the heel. The treadmill speed was increased to 
1.2 m/s, i.e. the walking speed necessary to safely cross the street (Amosun et al. 2007; 
Romero-Ortuno et al. 2010; Asher et al. 2012). Each participant completed four sessions 
of walking with intermittent cuff inflation to the pre-set pressure, one for each pressure 
level. They again continuously rated their discomfort on the VAS and were asked to 
press the stop button at the onset of pain. In case pain did not occur, each session was 
terminated after 180 seconds, and the sessions were separated by 2-minute rests. The 
choice of walking and resting duration was based on previous studies (Yamasaki et al. 
1991; Park et al. 2010; Sloot et al. 2014; Khanian 2015; Kermavnar et al. 2019c, Study in 
review) and a preliminary experiment.
9.2.5. Data analysis
All data were analysed using IBM® SPSS Statistics software Version 25, with significance 
set at p < 0.05. Two one-way repeated measures ANOVAs were performed with (1) inflation 
pattern as the within-subjects factor, and DDT and PDT as dependent variables; and (2) 
inflation pressure as the within-subjects factor, and No. of compressions to DDT, No. of 
compressions to PDT and EndVAS as dependent variables. Within-subjects effects were 
assessed using an F-test with Mauchly's test, and Huynh-Feldt or Greenhouse-Geisser 
correction for violation of sphericity was applied as necessary.
Numerical data are presented as mean and standard deviation (SD), and the error bars 
in plots represent standard error (SE).
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9.3. Results
9.3.1. Participants and environmental details
This study included 25 healthy participants (12 female, 13 male) aged 19-57 years 
(median age: 22 years), recruited from the University of Limerick. Seven females and 
eight males reported that they engaged in sports. Participants’ anthropometric data 
are summarized in Table 28. Ambient temperature and humidity during testing were 
23.3°C ± 0.3 and 35.8% ± 6.2,respectively.





















Mean 1775.2 77.7 24.5 384.7 1675.8 65.1 23.2 371.5
SD 69.1 11.1 2.1 25.9 69.8 5.9 1.7 16.8
Median 1766.0 77.2 24.2 380.0 1674.0 65.5 23.4 374.5
BMI – body mass index, SD – standard deviation
9.3.2. Standing (static conditions)
The mean and standard deviation values of the discomfort rating at termination of the 
experiment, the DDT and PDT, depending on inflation pattern are presented in Table 29. 
The results of the ANOVA are presented in Table 30. The inflation pattern had a highly 
significant effect on EndVAS, DDT and PDT (p < 0.01). With the ramp inflation pattern, 
discomfort and pain were triggered at lower inflation pressures (Figure 58), and the 
intensity of discomfort was rated higher (Figure 57).
Table 29: Mean discomfort rating, discomfort and pain detection thresholds for standing. 
Inflation pattern EndVAS (0-10) DDT (kPa) PDT (kPa)
Ramp 6.8 (1.8) 13.7 (5.6) 52.9 (12.7)
Staircase 3.8 (2.1) 30.4 (11.2) 60.6 (3.9)
N = 25; Data presented as Mean (SD)
194
Table 30: Results of the repeated measures ANOVA for standing.
Source EndVAS DDT PDT






DDT – Discomfort Detection Threshold, PDT - Pain Detection Threshold, EndVAS – Discomfort rating at 
















Figure 57: Rating of discomfort at termination of the experiment depending on inflation pattern. The 



























Figure 58: Inflation pressure at onset of discomfort (left) and pain (right) depending on inflation pattern. 
The inflation pattern had a highly significant effect on DDT (p = 0.001) and PDT (p = 0.003); ** p ≤ 0.01, *** p ≤ 0.001.
9.3.3. Walking (dynamic conditions)
Twenty-three participants completed the dynamic phase of the experiment (two sets 
of data were excluded due to artefacts). The mean and standard deviation values of the 
discomfort ratings at termination of the experiment, the DDT and PDT by inflation pressure 
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for walking are presented in Table 31. All participants felt some degree of discomfort at 
40-kPa inflation pressure, but not all at lower pressures. None of the participants reached 
their pain threshold at inflation pressures 10 and 20 kPa, and only 3 and 4 terminated the 
experiment due to pain at 30 and 40 kPa, respectively.
The results of the ANOVA are presented in Table 32. The inflation pressure had a highly 
significant effect on EndVAS and DDT (p < 0.01), but did not significantly influence PDT 
(p = 0.07). Higher inflation pressures caused higher intensities of discomfort (Figure 59), 
and the discomfort to occur earlier (Figure 60). 





N VAS (0-10) N No. of compressions to DDT N No. of compressions to PDT
10 23 0.8 (0.8) 17 54.6 (39.9) 0 -
20 23 2.1 (1.6) 21 35.8 (38.9) 0 -
30 23 3.9 (2.6) 22 19.3 (23.2) 3 117.7 (37.6)
40 23 5.1 (2.7) 23 16.7 (19.5) 4 107.3 (51.7)
DDT – Discomfort Detection Threshold, PDT - Pain Detection Threshold, EndVAS – Discomfort rating at 
termination of experiment, N – Number of participants (of 23) that reported DDT/PDT; Data presented 
as Mean (SD)
Table 32: Results of the repeated measures ANOVA for walking.
Source EndVAS No. of compressions to DDT No. of compressions to PDT


























Figure 59: Rating of discomfort at termination of the experiment in dynamic conditions, depending on 
inflation pressure. The inflation pressure had a highly significant effect on discomfort intensity (p = 0.001); 


















































Figure 60: The number of compressions to the onset of discomfort (left) and pain (right), depending 
on cuff inflation pressure. The inflation pressure had a highly significant effect on DDT (p < 0.001), but no 
significant effect on PDT (p = 0.07); *** p ≤ 0.001.
9.4. Discussion
9.4.1. Standing (static conditions)
Phasic compression was tolerated better than tonic compression, presumably due to short 
durations of tissue loading and the resting periods between the stimuli. Compared with 
anatomical sites tested in our previous study, i.e. the thigh and calf (Kermavnar et al. 2019c, 
Study in review), the knee is geometrically irregular with prominent bony protuberances, 
small volumes of soft tissues and superficial course of blood vessels and nerves. As muscle 
tissue in the compressed area is scarce, higher tolerances for circumferential compression 
197
could have been expected at the knee than at the thigh and calf. However, simultaneous nerve 
compression was expected to increase the discomfort. According to the results, both DDT 
and PDT at the knee tend to be higher than at the thigh (higher tolerance for compression), 
but lower than at the calf (lower tolerance for compression). Nevertheless, the intensity of 
discomfort was rated lower at the knee than at both other assessment sites (Table 33).
Table 33: Comparison of mean DDT and PDT values at different assessment sites, 
obtained with pneumatic cuff width 12 cm.
Inflation pattern Mean DDT (kPa) Mean PDT (kPa)
Knee Thigh* Calf* Knee Thigh* Calf*
Ramp 13.7 12.3 21.5 52.9 39.5 56.1
Staircase 30.4 23.4 31.7 60.6 59.5 61.2
*Source of data: Kermavnar et al. 2019c, Study in review
9.4.2. Walking (dynamic conditions)
Higher inflation pressures in general caused an earlier onset and higher intensities 
of discomfort. Interestingly, six participants did not experience any discomfort for 
the 10-kPa treatment and the overall rating of discomfort was extremely low at 0.8 
mm. Moreover, 30 kPa that was the mean DDT for staircase inflation during the static 
conditions, did not cause discomfort in all participants, but simultaneously triggered 
pain in three. In addition, the number of participants that experienced pain at 40 kPa 
(i.e. 4), and the overall discomfort score (i.e. 5.1 mm) were unexpectedly low.
The frequency of compressive stimuli was directly related to the participants’ cadence 
and hovered around 1.1 Hz for all inflation pressures. Previous algometry studies have 
shown that a series of identical painful stimuli applied with a frequency above 0.3 Hz 
causes a gradual increase in perception of pain, a phenomenon known as Temporal 
summation of pain – TSP (Graven-Nielsen and Arendt-Nielsen 2008; Latremoliere and 
Woolf 2009; Anderson et al. 2013; Staud 2013; Graven-Nielsen et al. 2015; Vaegter et al. 
2015). Apart from the frequency, the stimulation intensity and the initial stimulus 
being painful were also found to be important for evoking TSP (Finocchietti et al. 
2012). In this study, participants’ discomfort generally increased with time throughout 
the experiment, leading to the development of pain in 7 cases when higher inflation 
pressures were used. This indicates that even non-painful stimuli can trigger a similar 
mechanism to that seen in TSP.
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Furthermore, algometry studies suggest that adaptation to pain occurs in the case of 
sustained, but not oscillating compression (Polianskis et al. 2002a; Graven-Nielsen et 
al. 2015; Vaegter et al. 2015). However, despite the predominant pattern of gradually 
increasing discomfort in this study, three participants also experienced an initial 
increase, followed by a decrease in discomfort, which might indicate the possibility of 
adaptation to non-painful cyclical compression. This pattern occurred with low, as well 
as high pressures, i.e. it did not seem to be influenced by pressure magnitude.
9.4.3 Application of the results to exosuit design
The findings of this study can be used in the design of wearable robots that apply 
circumferential compression across the knee. However, the majority of research 
around human-robotics contacts has focused on interface pressure rather than cuff 
inflation pressures, thus, the following regression equation predicting interface 
pressure from inflation pressure was developed in associated research (Kermavnar et 
al. 2019b, Study in review):
Interface pressure at the knee = - 11.128 + 1.379 Inflation pressure + 0.518 Cuff width
(R2 = 0.876, p < 0.001)
During standing, inflation pressures up to 13 kPa (and corresponding interface pressures 
up to 14.2 kPa) are well tolerated by healthy participants. If joint stabilisation is needed 
in static conditions, short cycles of compression are preferred over longer durations of 
compression, thus, only loading the tissues when needed to correct deviations from 
natural joint position.
During walking at a considerable pace for 3 minutes (cadence 1.1 steps/s, walking 
distance 215 m), with knee stabilisation between heel strike and heel off, minimal 
discomfort occurs at cuff inflation pressures up to 20 kPa (interface pressures up to 
23.5 kPa). It is of note, however, that factors other than the normal forces causing 
compression might influence the perception of discomfort. For example, shear forces 
are present in all loading conditions, even when only pressure is applied (Oomens et al. 
2010; Orsted et al. 2010; Taylor 2014), and sufficiently high levels of shear stresses halve 
the required pressure to produce blood vessel occlusion (Orsted et al. 2010) which 
might cause discomfort.
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Moreover, pressure distribution at the different assessment sites is also influenced by 
the differences in anatomical complexity, with the thigh being most homogeneous in 
structure. At the calf, greater pressure transmission from the cuff to the body would 
be expected anteriorly, over the tibia, due to the smaller compressibility of bone 
compared to muscle tissue. At the knee, additional geometrical irregularities due to 
bony prominences, prominent hamstring tendons, and the superficial course of the 
nerves and blood vessels in the popliteal fossa undoubtedly influence interface pressure 
distribution, which might affect the perception of discomfort.
The movement of the thigh and calf segments under the cuff during testing might have 
introduced additional shear forces that increased the perception of discomfort.
Finally, discomfort might also be attributed to cuff shape and material, which can lead 
to imperfect fit to the tested assessment site, especially at higher inflation pressures 
that increase the cuffs’ rigidity. Interface pressure under pneumatic cuffs has been 
shown to depend on the geometric and mechanical properties of their fabrics, with 
more uniform pressure distribution in woven compared to non-woven fabric cuffs due 
to the higher stiffness and wrinkling of the latter (Naqvi et al. 2018). Thus, discomfort 
could be decreased by cuff design that allows for natural knee movement in deflated 
state, while still providing sufficient assistance when inflated.
9.4.4. Limitations
This study was performed on healthy participants and additional testing is needed 
for the findings to be applicable to the more vulnerable population of potential 
exosuit users with abnormal gait, such as older age adults and post-stroke patients. 
Moreover, during the dynamic stage of this study, the actual cuff inflation pressures 
slightly differed from the target inflation pressures due to the high inflation/
deflation rates (13.1, 22.7, 32.1, 42.1 kPa for the target pressures 10, 20, 30 and 40 kPa, 
respectively). In some cases of high inflation pressures and frequencies, the deflation 
rate did not allow for full deflation of the cuff, thus restricting knee flexion during 
the swing phase. In addition, walking at 1.2 m/s might have caused additional 
discomfort due to fatigue, or influenced the rating of discomfort due to distraction. 
Finally, despite detailed instructions, the rating of the pre-pain discomfort seemed 
to be highly subjective and dependent upon participants’ previous experiences, as 
reported in previous studies (Shen and Parsons 1997; Buckle and Fernandes 1998; 
Mukhopadhyay et al. 2007).
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9.5. Conclusions
This study addressed mechanical loading magnitude, duration and frequency at the 
knee during standing and walking, to inform the design of exosuits. For the purpose 
of soft tissue injury prevention, the development of discomfort and pain were studied 
during circumferential compression.
Our results show that both discomfort and pain were triggered at significantly lower 
pressures during continuous compression, as compared to intermittent compression 
during standing, with mean DDTs 13.7-30.4 kPa and mean PDTs 52.9-60.6 kPa. Thus, 
intermittent rather than continuous compression should be used for joint stabilisation 
during standing, especially with pressures exceeding 13 kPa. In comparison to our previous 
findings, compression is better tolerated at the knee than at the thigh, but not the calf.
During walking, cyclic compression of constant magnitude caused an increase in 
discomfort with time, in some cases to the extent of pain. In rare cases, the perception 
of discomfort diminished after an initial increase, indicating possible adaptation. 
Higher cuff inflation pressures generally caused an earlier onset and higher intensities 
of discomfort. Cyclic cuff inflation up to 20 kPa at cadence frequency 1.1 steps/second 
during 3 minutes of walking was reasonably well tolerated with mean discomfort 
ratings up to 2.1/10 and no occurrence of pain.
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Chapter 10. Relationship between interface pressures and  
 pneumatic cuff inflation pressure at different  
 assessment sites of the lower limb to aid soft  
 exoskeleton design
Purpose: The aim of this study was to assess the relationship between interface 
pressures and circumferential pneumatic cuff inflation pressures for different cuff 
sizes and anatomical characteristics of circumferentially compressed lower limb sites. 
This enables relating discomfort and pain detection thresholds between these two 
pressure measurements in the context of soft exoskeleton design and evaluation.
Background: The efficiency of pressure transmission from a pneumatic cuff to soft 
tissues of the limb depends on cuff inflation pressure, cuff size, material and bladder 
configurations, limb circumference and geometry, and tissue homogeneity, isotropicity 
and compressibility. Most studies that aim to establish acceptable ranges of mechanical 
loading rely on interface-pressure, not taking into account the abovementioned loading 
and subject-specific factors. Thus, a method of predicting mean interface pressures 
from inflation pressures (and vice-versa) under pneumatic cuffs at different assessment 
sites of the lower limb is needed to aid soft exoskeleton design.
Novelty and contribution to knowledge: This study addressed the prediction of pressure 
transmission from a pneumatic cuff to the body, depending on the nature of mechanical 
loading, as well as the nature of the intervening soft tissues. In combination with data on 
discomfort, the results present a helpful tool to aid the design of soft exoskeletons.
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Objective. To develop a means of predicting interface pressure from cuff inflation 
pressure during circumferential compression at the lower limb, in order to inform the 
design of soft exoskeletons.
Background. Excessive mechanical loading of tissues can cause discomfort and soft 
tissue injury. Most ergonomics studies on exoskeletons are of interface pressure, but 
soft exoskeletons apply circumferential pressures similar to tourniquet cuffs by way of 
inflation pressure. This study details the relationship between interface and inflation 
pressures for pneumatic tourniquet cuffs. 
Method. Pneumatic cuffs of different widths were inflated to target pressures on (A) 
a rigid cylinder, (B) the dominant thigh and calf, and (C) knee of healthy participants 
standing still. Interface pressures were measured under the cuffs using a pressure-
sensing mat. Average interface pressures were then compared to inflation pressures. 
The influence of cuff width, inflation pressure and participants’ anthropometric data 
on pressure transmission were assessed.
Results. A strong linear relationship between cuff inflation pressures and interface 
pressures was observed. Interface pressures were generally higher than inflation 
pressures. The efficiency of pressure transmission to the lower limb depended on 
assessment site, adipose tissue thickness, cuff size, inflation pressure and possibly limb 
circumference. Regression equations were developed to predict interface pressures at 
the thigh, calf and knee.
Conclusion. Interface pressures under pneumatic cuffs are influenced by the cuff 
size, inflation pressure, and tissue compressibility. Predicted pressure (interface from 
inflation and vice versa) can be predicted and used to aid the design of soft exoskeletons.
Keywords: Soft exoskeleton-human contact, Interface pressure, Cuff inflation pressure, 
Pressure transmission efficiency. 
Précis: Interface pressure measurements were performed during circumferential 
compression at the lower limb, in order to develop a means of predicting interface 
pressure from cuff inflation pressure to inform the design of soft exoskeletons.
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10.1. Introduction
Lower limb soft exoskeletons are soft wearable robots mainly used for assistance with 
locomotion. They often apply tensile forces across joints to actuate movement, but may 
also help with joint stabilisation/stiffening in certain abnormal gait patterns (e.g., knee 
hyperextension, dropfoot, ankle and knee instability and others). Soft exoskeletons 
typically apply forms of circumferential compression.
Several devices that apply circumferential compression to tissues are already in use for 
medical purposes, including compression bandages and garments (Becker et al. 2006; 
Macintyre 2007; Liu et al. 2013), pneumatic cuffs (Kumar and Alexander Walker 2002; 
Doyle and Taillac 2008; Khanna et al. 2008), and vacuum and inflatable splints (Rose 
1973; Schetrumpf 1973; Taly et al. 2002). The pressure exerted by such devices generates 
mechanical loading of soft tissues that are compressed against the underlying bone.
Excessive mechanical loading can cause local tissue injury, such as blisters, hematomas 
and necrosis of the skin (Rudolph et al. 1990; Olivecrona et al. 2006), nerve lesions 
(Horlocker et al. 2006) and muscular and vascular damage (Sinicina et al. 2007) due 
to excessive or prolonged compression that results in tissue deformation and locally 
disturbed perfusion (Rudolph et al. 1990; Nercessian et al. 2005; Olivecrona et al. 2006). 
Therefore, attempts have been made to establish safe pressure thresholds at the physical 
interfaces between the device and the user. 
Interface pressure is defined as the average force per unit area acting normal to the 
body surface (Casey et al. 2010). For its assessment, different approaches have been 
undertaken thus far, including the use of computer models (Cristalli and Ursino 1995; 
Lan et al. 2011; Deng and Liang 2016), pressure measurements on rigid cylinder models 
(Segers et al. 2002; Macintyre 2007), live participants’ calves (Giele et al. 1997; John et al. 
2007; Lurie et al. 2008), thighs (Crenshaw et al. 1988; Macintyre 2007; Roth et al. 2015; 
Hughes et al. 2018), upper limbs (Macintyre 2007; Casey et al. 2010), and on human 
cadavera (Shaw and Murray 1982; Crenshaw et al. 1988). In the case of inflatable devices, 
such as pneumatic cuffs, the value of inflation pressure given by the manometer is 
considered to accurately reflect the actual mechanical pressure exerted at the skin 
surface (Roth et al. 2015). However, the amount of pressure transmitted from the cuff 
to the body has been found to depend importantly on the nature of mechanical loading 
(e.g. cuff inflation pressure and cuff design) and the nature of the intervening soft 
tissues (e.g. anatomical location and mechanical properties).
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In general, the pressure on the soft tissues under external compression was found 
to decrease with the anatomical depth of the tissue assessed (Shaw and Murray 1982; 
Hargens et al. 1987). Interestingly, the efficiency of pressure transmission was observed 
to decrease with higher cuff inflation pressures (Deng and Liang 2016). Furthermore, 
interface pressure has been shown to vary with variation in materials and geometric 
properties of pneumatic cuffs (Lurie et al. 2008; Naqvi et al. 2017). For example, 
significant differences in interface pressures and tissue deformation were found 
with different cuff bladder configurations, as the highest pressures occur directly 
beneath the air bladders (John et al. 2007). Moreover, interface pressures exceeded 
inflation pressures when the air bladder of the pneumatic cuff reached around the 
entire circumference of the limb (John et al. 2007). On the other hand, Roth et al. (2015) 
reported significant loss in cuff inflation pressure transfer to the skin due to the use of 
a cushioning layer. Using an inflatable water-cuff, Manafi-Khanian et al. (2016) found 
significantly lower interface pressures and a significantly more homogeneous interface 
pressure distribution compared to an air-cuff.
Wider cuffs transmit a greater percentage of the applied pressure to deeper tissues than 
narrower cuffs (Crenshaw et al. 1988). For narrower but not wider cuffs, the transmission 
of pressure to deeper tissues depends on limb circumference (Crenshaw et al. 1988).
Shaw and Murray (1982) found a significant inverse relationship between cadaveric 
thigh circumference and the percentage of cuff inflation pressure transmitted to 
superficial and deep soft tissues. A later study on participants refuted any influence of 
BMI and thigh circumference on pressure transmission to the limb surface, but did find 
significantly higher interface pressures at the area of the overlap of the cuff, which is 
strongly influenced by the limb’s circumference (Roth et al. 2015).
The magnitude of interface pressure and uniformity of its distribution under a 
pneumatic cuff is further influenced by the inhomogeneity and anisotropicity of human 
tissues (Daly and Odland 1979; Fung 1993), as well as the irregular geometry of the 
limbs (Vannah and Childress 1996; Manafi-Khanian et al. 2016). Different researchers 
reported an inhomogeneous transfer of pressure around the circumference of the limb 
(Lurie et al. 2008; Roth et al. 2015). Studies using pneumatic cuffs on model limbs, as well 
as compression sleeves on live participants’ thighs found higher interface pressures 
over smaller curvatures, which is in agreement with the Laplace Law (Segers et al. 
2002; Macintyre 2007). However, the Laplace Law does not accurately predict interface 
pressures on limbs with circumferences under 25 cm (Macintyre 2007).
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The pressure transmitted to skin and deeper tissues (i.e. subcutaneous tissue, muscles, 
blood vessels, nerves) depends on the tissues’ mechanical properties (Cristalli and Ursino 
1995; Lurie et al. 2008), particularly compressibility (Lan et al. 2011), which is quantified by 
Poisson’s ratio. In incompressible tissues (Poisson’s ratio 0.5), the transmitted pressure 
correlates with the applied pressure (Casey et al. 2010). However, real tissues (Poisson’s 
ratio 0.2-0.4) deform under compression due to migration of tissue fluids from the 
compressed region (Cristalli et al. 1993; Casey et al. 2010). Mechanically, deformation of 
tissues causes the non-uniform pressure distribution at the interface (Deng and Liang 
2016), with more effective pressure transmission over bony prominences than over soft 
anatomical sites (Giele et al. 1997). In fact, subcutaneous adipose tissue has been shown 
to significantly dampen pressure transmission to deeper tissues (Deng and Liang 2016).
In previous studies, we addressed the influence of circumferential compression at the 
thigh, calf and knee on discomfort and pain in the context of soft exoskeleton design 
(Kermavnar et al. 2019c, 2019d, Studies in review). The discomfort and pain detection 
thresholds were reported in terms of pneumatic cuff inflation pressures. However, 
interface pressures can easily be measured by pressure mats, so this is most likely 
the method most developers of soft exoskeletons will use during ergonomics studies. 
Thus, the aim of this study was to develop a means of predicting interface pressure 




Interface and cuff inflation pressure measurements were performed in three separate 
sessions: on (1) a rigid cylinder, (2) human participants’ thighs and calves, and (3) 
and human participants’ knees. The latter two experiments were part of separate 
larger studies. In all three sessions, mean interface pressure (dependent variable) was 
measured under pneumatic cuffs using a pressure-sensing mat and different cuff 
inflation pressures (independent variable).
10.2.2. Participants
Healthy volunteers were recruited from the University of Limerick. Volunteers were 
excluded from the study if any of the following criteria were present: (1) BMI ≥ 30 kg/m2; 
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(2) current musculoskeletal, neurological, circulatory or endocrine condition or injury; 
(3) acute or chronic pain or muscle soreness resulting from vigorous exercise in the 
previous 48 hours; (4) current use of medication which interferes with sensory systems.
The study was approved by the University of Limerick Research Ethics Committee. 
Signed informed consent was obtained from all participants.
10.2.3. Equipment
10.2.3.1. Pressure-sensing mat
A flexible pressure-sensing mat (BodiTrak, Vista Medical Ltd.) was used for interface 
pressure measurements. Its area of 22.7 × 22.7 cm consists of 16 × 16 pressure sensors. 
In a preliminary experiment, the points of interest on the mat were established and 
marked with adhesive tape, as shown in Figure 61. The cross-section of the adhesive 
tapes (sensor H9) was positioned over the predefined measurement point for every 
assessment site on human participants to ensure repeatability of the experiments.
A9 H9 P9
Figure 61: Pressure-sensing mat; sensor array (left), positioning on the pneumatic cuff (right).
10.2.3.2. Pneumatic cuffs and cuff inflation rig
A Hokanson SC5 tourniquet cuff (width 5 cm), Hokanson Rapid deflate SC12D cuff 
(width 12 cm), and Hokanson Contoured thigh cuff CC22 (width 22 cm) were used 
(Figure 62). The position of the pressure-sensing mat was permanently marked on 
each cuff to ensure repeatability of the experiments. The mat was mounted over the 
centre of each cuff’s air bladder, so that none of the sensors were in contact with the 
inflation tube or the cuffs’ seams to avoid artefacts. The mat was adhered to each cuff 
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separately for every measurement using double-sided adhesive film. The pneumatic 
cuffs were inflated to target pressures by a custom-made computer-controlled inflation 
device (DesignPro Ltd., Rathkeale, Ireland), described in previous works (Kermavnar et 
al. 2019c, Study in review).
Figure 62: Pneumatic cuffs used (left to right): Hokanson SC5 tourniquet cuff, Hokanson Rapid deflate 
SC12D cuff, Hokanson Contoured thigh cuff CC22.
10.2.4. Procedure
10.2.4.1. Testing on a rigid cylinder
On the rigid cylinder (circumference 503 mm), the position of the pressure-sensing mat 
was permanently marked to ensure repeatability of the experiment. All three widths 
of pneumatic cuffs were tested. Each pneumatic cuff was mounted over the pressure-
sensing mat and loosely wrapped with a non-elastic adhesive tape (Leukosilk, BSN 
medical GmbH, Hamburg, Germany) for even distribution of pressure (Figure 63). The 
cuff was then inflated to target pressures of 10, 20, 30, 40, 50 and 60 kPa. The inflation 
lasted up to 5 seconds while the interface pressure was continuously recorded.
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Figure 63: Positioning of the pressure-sensing mat and cuff on a rigid cylinder.
10.2.4.2. Testing on human participants
The participants attended a single testing session. Prior to beginning the experiment, 
written informed consent was obtained and participants were asked about their health 
status to ensure that they did not have any of the conditions that would preclude 
them from taking part in the study. Next, the following information were recorded: 
participants’ age and sex, Body Mass Index (BMI), Adipose Tissue Thickness (ATT) and 
limb circumference at the points of interest, over which the centre of the pressure-
sensing mat was later positioned.
All experiments were performed on the dominant limb with participants standing still. 
At the thigh and calf, all three widths of pneumatic cuffs were tested in a randomised 
order. Interface pressure was defined as the pressure applied perpendicularly to the 
skin by the pneumatic cuff (Casey et al. 2010). The centre of the pressure-sensing mat 
(sensor H9) was positioned over the point of interest for the NIRS measurements 
without the optodes in place, i.e. over the belly of m. vastus lateralis at 2/3 distance 
between greater trochanter and lateral epicondyle at the thigh, and over the medial 
head of m. gastrocnemius at the widest part of the calf. At the knee, testing was only 
performed using the 12-cm wide pneumatic cuff that extended over the entire joint 
but did not compress the adjacent softer parts of the limb. Sensor H9 of the pressure-
sensing mat was positioned over the centre of patella. The pneumatic cuff was loosely 
wrapped with a non-elastic adhesive tape (Leukosilk, BSN medical GmbH, Hamburg, 
Germany) to ensure an even distribution of pressure, and secured in place with VelcroTM 
straps attached to a waist belt (Thermoskin Adjustable back stabiliser, United Pacific 
Industries Pty Ltd, Kilsyth, Australia) at the front and back to prevent it from slipping 
down the leg (Figure 64).
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Figure 64: Positioning of the pressure-sensing mat and cuff at the thigh (left), calf (middle) and knee (right).
The cuff was then inflated to target pressures of 10, 20, 30 and 40 kPa at the thigh and 
calf, and additionally to 50 and 60 kPa at the knee. The inflation lasted up to 5 seconds 
and interface pressure was continuously recorded.
10.2.5. Data analysis
The central sensors of the mat were aligned with the centre of the bladder of each 
cuff. To ensure that representative interface pressures were obtained, the results of an 
array of sensors were analysed, and the average, maximum and minimum interface 
pressures were recorded just before termination of cuff inflation (Figure 65).
Figure 65: Sample output of interface pressure analysis using the pressure mat.
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The number of sensors included in the analysis depended on the cuff width, and was 
therefore smaller for the narrowest cuff (Figure 66): 8 × 3 for the smallest cuff and 8 
× 6 for the two larger cuffs. The area analysed was presumed to include the muscle 
analysed by NIRS at the thigh and calf, and thus reflect the interface pressure causing 
the change in muscle oxygenation.
Figure 66: The array of pressure-sensing mat sensors, based on which the mean interface pressure was 
calculated for 5-cm cuff (dark grey), and 12-cm and 22-cm cuff (dark and light grey).
All data were analysed using IBM® SPSS Statistics software Version 25, with significance 
set at p < 0.05. One-way repeated measure ANOVAs were performed for each assessment 
site, with inflation pressure as the within-subjects factor and interface pressure as the 
dependent variable. Regression analysis was performed using interface pressure as the 
dependent variable, and inflation pressure, BMI, ATT and limb circumference as the 
independent variables. Numerical data are presented as mean and standard deviation 
(SD), unless specified otherwise.
10.3. Results
10.3.1. Participants
Participants for both sessions of this study were recruited from the University of 
Limerick. Testing was performed at the thighs and calves of 12 participants (6 male, 6 
female), aged 22-57 years (35.5 ± 9.8 years), and at the knees of 23 participants (13 male, 
10 female), aged 19-57 years (25.6 ± 10.4 years). Anthropometric data are summarised in 
Table 34 for each assessment site respectively.
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Mean 25.9 501.7 6.8 21.9 471.7 12.4
SD 2.7 18.6 2.3 1.5 21.4 4.5
Median 26.4 502.5 6.8 21.6 470.0 13.1
CALF
Mean 25.9 394.2 4.3 21.9 355.8 9.8
SD 2.7 17.7 1.4 1.5 16.3 3.7
Median 26.4 400.0 4.1 21.6 355.0 9.4
KNEE
Mean 24.5 384.7 N/A 23.2 371.5 N/A
SD 2.1 25.9 N/A 1.7 16.8 N/A
Median 24.2 380.0 N/A 23.4 374.5 N/A
BMI – Body Mass Index, ATT – Adipose Tissue Thickness.
10.3.2. Mean interface pressures
The mean interface pressures recorded at each assessment site and cuff inflation 
pressure are presented in Table 35. For acuity, the actual cuff inflation pressures as 
measured by the rig sensing system are reported, as they differed slightly from the 
target inflation pressures.
The mean interface pressures at the target inflation pressures were generally lower 
on the rigid cylinder than on human participants, and the pressures at the knee were 
lower than those at the thigh and calf. At the thigh, mean interface pressures under the 
5-cm and 22-cm cuff were lower than at the calf; however, the opposite was recorded 
using the 12-cm cuff. 
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Table 35: Mean interface pressures at predefined pneumatic cuff inflation pressures for 






Rigid cylinder Thigh Calf Knee
5 13.1 9.3 (2.3) 9.8 (1.2) 12.0 (1.2) -
22.7 19.9 (4.8) 21.2 (2.8) 26.8 (2.7) -
32.1 31.2 (6.4) 32.0 (3.5) 39.7 (3.4) -
42.1 41.3 (6.8) 40.6 (4.5) 51.2 (4.3) -
51.6 50.5 (8.0) - - -
61.4 59.6 (9.9) - - -
12 13.1 9.2 (1.3) 14.1 (2.9) 14.4 (1.3) 9.8 (2.8)
22.7 21.8 (2.3) 32.5 (2.2) 32.0 (2.2) 27.0 (3.4)
32.1 35.5 (2.0) 47.8 (0.8) 46.0 (3.5) 42.4 (3.2)
42.1 45.7 (2.3) 61.2 (1.4) 60.3 (2.4) 54.6 (3.3)
51.6 56.3 (3.1) - - 65.5 (4.3)
61.4 67.6 (4.0) - - 74.5 (7.0)
22 13.1 10.8 (2.3) 13.8 (0.8) 15.4 (0.9) -
22.7 25.3 (3.6) 29.5 (1.9) 32.4 (2.3) -
32.1 34.6 (7.4) 44.3 (2.3) 47.8 (1.6) -
42.1 - 55.4 (5.9) 60.6 (2.3) -
51.6 - - - -
61.4 - - - -
Data presented as Mean (SD)
The differences between interface pressures under pneumatic cuffs of different widths 
are presented in Figures 67-69; the interface pressures under the 12-cm cuff at the knee 
are presented in Figure 70.
On the rigid cylinder, inflation pressures above 40 kPa could not be tested with the 
largest cuff due to its tapered shape, therefore the results were excluded from the 
repeated measures ANOVA. Comparing the remaining results, interface pressures 
were significantly lower (p = 0.018) under the 5-cm cuff than the 12-cm cuff. At the 
thigh, cuff width significantly influenced the interface pressure (p < 0.001) with the 
highest pressures recorded using the 12-cm cuff and the lowest using the 5-cm cuff. 
At the calf, interface pressures under the smallest cuff were significantly lower than 
under each of the larger cuffs (p < 0.001). Interface pressures under the 12-cm cuff 
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were lower than under the 22-cm cuff, however the difference between them was 




























Figure 67: Interface pressure on the rigid cylinder for different inflation pressures applied by different 
widths of pneumatic cuffs. For the smaller two cuffs, cuff width had a significant effect on interface pressure 

























Figure 68: Interface pressure at the thigh for different inflation pressures applied by different widths 




























Figure 69: Interface pressure at the calf for different inflation pressures applied by different widths of 
pneumatic cuffs. Interface pressures under the smallest cuff were highly significantly lower (p < 0.001) than 



























Figure 70: Interface pressure at the knee for different inflation pressures, using a 12-cm cuff; *** p ≤ 0.001.
10.3.3. Regression analysis
The results of regression analysis (Table 36) show high correlation between interface 
pressure, inflation pressure and cuff width (where used) at all assessment sites. At the calf, 
ATT was also found to significantly influence interface pressure (p = 0.011). On the other 
hand, limb circumference at the point of measurement did not show significant influence 
on interface pressure (p = 0.138, 0.243 and 0.672 for thigh, calf and knee respectively), 
neither did BMI (p = 0.255, 0.184 and 0.928 for thigh, calf and knee respectively).
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Table 36: Regression equations for prediction of interface pressure at different 
assessment sites.
Interface pressure R2 p
RIGID CYLINDER 0.989 < 0.001
(Constant) - 7.923 0.001
+ 1.142 × Inflation pressure < 0.001
+ 0.303 × Cuff width 0.006
THIGH 0.876 < 0.001
(Constant) - 11.128 < 0.001
+ 1.379 × Inflation pressure < 0.001
+ 0.518 × Cuff width < 0.001
Interface pressure (continued) R2 p
CALF 0.965 < 0.001
(Constant) - 8.090 < 0.001
+ 1.497 × Inflation pressure < 0.001
+ 0.367 × Cuff width < 0.001
- 0.182 × ATT 0.011
KNEE 0.914 < 0.001
(Constant) - 2.912 0.042
+ 1.320 × Inflation pressure < 0.001
The interface pressures as predicted by the regression equations versus the measured 
interface pressures are plotted in Figures 71 and 72.
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Figure 71: Interface pressure as predicted by regression equation versus measured interface pressure on 
the rigid cylinder (A), and at the thigh (B).
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Figure 72: Interface pressure as predicted by regression equation versus measured interface pressure at 
the calf (C) and knee (D).
10.4. Discussion
10.4.1. Overall relationship between the inflation and interface pressure 
Our findings detail that there is a strong linear relationship between cuff inflation 
pressures and interface pressures when tested on a rigid cylinder, as well as the thigh, 
calf and knee. This is largely as expected. However, there are a number of important 
insights in the context of soft exoskeleton interface effects.
In general, interface pressures tended to be higher than inflation pressures, which 
is contrary to the findings of Roth et al. (Roth et al. 2015), who reported significantly 
lower interface than inflation pressures under a thigh tourniquet. One of the reasons 
for diminished pressure transmission was the use of cotton padding to cushion the 
tourniquet; however, measurement was also performed on patients lying supine during 
surgery, meaning that their limbs were relaxed. During standing, as in our experiments, 
muscles are naturally active in order to maintain balance, therefore their stiffness is 
increased and compressibility decreases, which might explain the obtained results. In 
fact, Hughes et al. found interface pressure to be lower than cuff inflation pressure at 
rest, and higher during exercise (Hughes et al. 2018). Casey et al. also found the interface 
pressures to be higher than tourniquet inflation pressures at the upper limb and pressures 
over 100 mmHg (13.3 kPa) despite the use of cotton wool (Casey et al. 2010).
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10.4.2. The influence of assessment site on pressure transmission
Important differences between pressure transmission were observed with regards to 
assessment site. Mean interface pressures resembled the inflation pressures most closely on 
the rigid cylinder (mean absolute difference 2.8 kPa) and least at the knee (mean absolute 
difference 9.6 kPa), followed closely by the calf (mean absolute difference 9.2 kPa). The 
absolute differences were also most consistent on the cylinder (SD = 1.6 kPa), but least at 
the thigh (SD = 6.7 kPa). The raw differences between the two pressures were consistently 
larger at higher inflation pressures, ranging from -3.9 to 6.2 kPa on the cylinder, -3.3 to 19.1 
kPa at the thigh, -1.1 to 18.5 kPa at the calf, and -3.3 to 13.9 kPa at the knee. 
These results confirm the abovementioned relationship between Poisson’s ratio and 
pressure transmission (Casey et al. 2010), but also suggest that compressibility of the 
tissues decreases with compression, most prominently at the thigh and least at the 
knee. The latter could be explained by the fact that there is relatively more soft (i.e. 
compressible) tissue at the thigh, followed by the calf, as compared to the knee. 
10.4.3. The influence of cuff width on pressure transmission
On the rigid cylinder, interface pressures were consistently lower than inflation 
pressures under the smallest cuff, but tended to be higher under wider cuffs. A similar 
pattern was observed at the thigh but not the calf, where pressure transmission was 
more effective and the interface pressures exceeded inflation pressures with only one 
exception (i.e. the combination of the smallest cuff and lowest inflation pressure). As 
the length of the cuff’s air bladder increases with the width, we postulate that the 
smallest bladder might not have reached around the complete circumference of the 
thigh and cylinder, thus decreasing pressure transmission as mentioned above (John 
et al. 2007).
In agreement with previous findings (Crenshaw et al. 1988), wider cuffs were more 
efficient at transmitting pressure to the tissues. It is not clear, however, why the interface 
pressures at the thigh were higher under the 12-cm cuff than under the 22-cm cuff.
10.4.4. The influence of other factors on pressure transmission
Mean interface pressures were generally higher at the lower limb than on the rigid 
cylinder. A reason for that could be the more pronounced curvature of the limb at the 
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assessment site compared to the cylinder. The comparison of the cylinder cross section 
and the high and calf, obtained by anthropometric measurements (i.e. the antero-





Figure 73: Curvature of assessment sites: rigid cylinder (left), thigh (middle), calf (right). Dots indicate the 
points of measurement at the thigh and calf.
In agreement with previous findings (Roth et al. 2015), BMI and limb circumference did 
not significantly influence interface pressures. On the other hand, significant reduction 
of interface pressure at the calf occurred with increasing adipose tissue thickness, 
presumably due to its dampening effect on pressure transmission. Interestingly, the 
effect of ATT was not significant at the thigh. Also surprisingly, interface pressures at 
the knee were lower than at the thigh and calf despite the scarceness of soft tissue.
10.4.5. Application to soft exoskeleton design
Due to their design and function, soft exoskeletons are more likely to exert 
circumferential compression than point pressure on the body. The findings of this 
study and our previous studies on discomfort (Kermavnar et al. 2019c, 2019d, Studies in 
review) show that pressures applied to the limbs differ from the pressures transmitted 
and thus experienced (i.e. interface pressures), depending on the compressed tissue 
characteristics and the equipment used. The pressures experienced by the wearer 
determine whether they will perceive discomfort and whether the loading could 
cause injury to the tissues. Moreover, interface pressures are typically used in safety 
guidelines for wearable devices, as their monitoring is rather uncomplicated.
The regression equations reported here can be used to predict interface pressures at the 
typical sites of human-soft exoskeleton contact during circumferential compression. In 
combination with the data on discomfort and pain reported in our previous studies, we 
can conclude the following: (1) interface pressures that are likely to cause discomfort 
are 16.8-37.5 kPa at the thigh, 21.4-90.3 kPa at the calf, and 15.2-37.2 kPa at the knee; 
and (2) interface pressures that are likely to cause pain are 49.6-75.9 kPa at the thigh, 
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78.8-90.3 kPa at the calf, and 66.9-77.1 kPa at the knee. The lower limits apply to 
continuous compression and the higher to intermittent compression.
10.4.6. Limitations
A larger group of participants was tested at the knee than at the thigh and calf, 
which might influence the comparability of results. Moreover, only one cuff size was 
appropriate for testing at the knee, and the largest cuff might not have made complete 
contact with the rigid cylinder due to its tapered design for use on limbs. Finally, 
pressures above 42.1 kPa were not tested on participants’ thighs and calves in order to 
avoid causing pain based on the pain detection thresholds obtained in previous studies.
10.5. Conclusions
In this study we aimed to develop a means of predicting interface pressure from 
cuff inflation pressure, in order to inform the design of soft exoskeletons that apply 
circumferential compression at the lower limb. The results show a strong linear 
relationship between cuff inflation pressures and interface pressures, with the latter 
generally exceeding the former. Mean interface pressures were also generally higher 
at the lower limb than on a rigid cylinder. The efficiency of pressure transmission 
to the lower limb depended on assessment site, adipose tissue thickness, cuff size, 
inflation pressure and possibly limb circumference. Interface pressures at the knee 
were lowest for all comparable inflation pressures. Pressure transmission increased 
with compression, more prominently at sites with larger volumes of compressible (soft) 
tissue. Wider cuffs transmitted pressure more efficiently than narrower at the thigh, 
but not the calf. At the calf, mean interface pressures under the narrowest and widest 
cuff, but not the 12-cm cuff were higher than at the thigh. BMI and limb circumference 
did not significantly influence interface pressures, although the results using the 
smallest cuff might have been influenced by the circumference of the assessment site 
due to air bladder size. Finally, regression equations were developed to predict interface 
pressures at the typical sites of human-soft exoskeleton contact during circumferential 
compression, which can in combination with data on discomfort and pain aid the 








site, adipose tissue thickness, cuff size, and inflation pressure.
•	 Regression	equations	can	be	used	to	predict	interface	pressures	at	the	typical	sites	
of human-soft exoskeleton contact during circumferential compression. 
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Chapter 11. Discussion
This chapter presents critique and reflection across the methodological and 
experimental studies performed, and discusses their applicability to soft exoskeleton 
design. As each of the studies (i.e. papers) contains its own detailed discussion section, 
this chapter summarises the key findings and addresses the research questions posed 
in the literature review.
11.1. Key research insights
Jacobs and Virk (2014) acknowledge an urgent need to determine safety standards for 
users’ physical contact with robots, especially the determination of acceptable static 
and dynamical forces during interaction, that should be included in revisions to ISO 
13482. Few attempts have been made thus far to establish the limits of physical human-
robot interaction in this context, certainly in relation to soft exoskeletons. This research 
aimed to establish an approach to assessing the subjective and objective aspects of soft 
exoskeleton mechanical loading, specifically circumferential compression at the lower 
limb. The relationship between simulated soft exoskeleton compression of soft tissues 
and the perception of discomfort and pain were addressed. The results can be applied to 
human-soft exoskeleton interface design in the context of ergonomics aspects as follows.
11.1.1. The magnitudes of circumferential compression that cause discomfort  
 and pain
Pressure-induced pain thresholds are significantly influenced by algometry technique. 
The levels of pressure that trigger pain are about 20 times higher for single-point 
algometry than those obtained by cuff pressure algometry. CPA-induced mechanical 
loading is more analogous to that in soft exoskeletons, thus the findings of CPA, 
rather than single-point algometry should be considered in user-centred design of 
soft exoskeletons.
Tolerance for circumferential compression at the lower limb depends on the specific 
anatomical site, with the calf being most tolerant and the thigh least tolerant. 
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To avoid discomfort using pressure cuffs up to 12 cm:
•	 at	the	thigh,	inflation	pressures	below	12	kPa	(interface	pressures	11.6	kPa)	should	
be used for tonic compression and below 23 kPa (interface pressures 26.8 kPa) for 
phasic compression;
•	 at	the	calf,	inflation	pressures	below	21	kPa	(interface	pressures	26.5	kPa)	should	be	
used for tonic compression and below 31 kPa (interface pressures 41.4 kPa) for phasic 
compression;
•	 at	the	knee,	inflation	pressures	below	13	kPa	(interface	pressures	14.2	kPa)	should	
be used for tonic compression and below 30 kPa (interface pressures 36.7 kPa) for 
phasic compression.
To avoid pain using pressure cuffs up to 12 cm:
•	 at	the	thigh,	inflation	pressures	below	39	kPa	(interface	pressures	48.9	kPa)	should	
be used for tonic compression and below 59 kPa (interface pressures 76.4 kPa) for 
phasic compression;
•	 at	 the	calf,	 inflation	pressures	below	56	kPa	(interface	pressures	78.9	kPa)	should	
be used for tonic compression and below 61 kPa (interface pressures 86.4 kPa) for 
phasic compression;
•	 at	the	knee,	inflation	pressures	below	52	kPa	(interface	pressures	65.7	kPa)	should	
be used for tonic compression and below 60 kPa (interface pressures 76.3 kPa) for 
phasic compression.
Compared to the data obtained by CPA and summarised in Tables 11 and 13, cuff 
inflation pressures of 11-34 kPa caused pain in healthy people and 9-34 kPa in patients 
with chronic pain. Unbearable pain was triggered by cuff inflation pressures of 37-91 
kPa (healthy participants) and 23-75 kPa (patients). The somewhat higher pressures 
being rated as painful in this research could be attributed to the subjectivity of the 
definition of discomfort and pain, as discussed below.
Based on Table 7, peak interface pressures at the human-exoskeleton contact sometimes 
exceed those that can cause discomfort, but typically do not reach painful thresholds.
11.1.2. Factors that influence pressure-induced discomfort and pain
Two types of factors were found to influence pressure-induced discomfort and pain 
thresholds: those related to the nature of mechanical loading; and those, related to the 
nature of tissues under compression.
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Circumferential compression was better tolerated when narrower cuffs were 
used compared to wider cuffs, and when loading was intermittent as opposed to 
continuous. Thus, wide cuffs that apply circumferential compression and continuous 
loading should be avoided whenever possible. However, in soft exoskeletons it would 
be unrealistic to expect the possibility of purely continuous or purely intermittent 
compression. The actual loading is most likely a combination of both, where the 
intensity and timing of each should be appropriately controlled. According to our 
findings, intermittent knee stabilisation during stance phase of the gait cycle at 
cadence frequency 1.1 steps/second tends to cause mild discomfort but not pain at 
cuff inflation pressures up to 20 kPa. However, future research is needed to confirm 
these findings using an actual soft exoskeleton for joint stabilisation during walking.
In general, it is preferable to interface soft exoskeletons with the part of the body 
where smaller volumes of muscle tissue and larger adipose tissue thickness are found. 
At the thigh and calf, the pressures that cause discomfort and pain are significantly 
related to adipose tissue thickness, and are lower during walking than standing still. 
The intensity of discomfort can be predicted using the following equations:
THIGH: VAS = -11.535 + 1.256 Inflation pressure - 1.834 ATT + 2.089 Cuff width
CALF: VAS = -7.520 + 1.214 Inflation pressure – 1.869 ATT + 0.968 Cuff width
11.1.3. The relationship between cuff inflation pressure and interface pressure
There is a strong linear relationship between cuff inflation pressure and interface 
pressure during circumferential compression, influenced also by cuff width and 
adipose tissue thickness, but not body mass index or limb circumference. Interface 
pressure can be predicted using the following equations:
THIGH: Interface pressure = 1.379 Inflation pressure + 0.518 Cuff width - 11.128
CALF: Interface pressure = 1.497 Inflation pressure + 0.367 Cuff width - 0.182 ATT - 8.090
KNEE: Interface pressure = 1.320 × Inflation pressure - 2.912
11.2. Discomfort rating
Despite the lack of universal agreement about the distinction between discomfort 
and pain, this thesis defines discomfort as an unpleasant sensation that occurs before 
pain, and increases with the increase of pain, thus ranging from barely perceivable 
discomfort (no pain) to unbearable discomfort (unbearable pain), and the detection 
of pain (i.e. PDT) occurs at a certain point between the two extremes. For the purpose 
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of the research, a discomfort rating scale based on the combination of VAS of pain 
intensity and the Borg CR10 scale was used. Participants rated their discomfort from 
0 (no discomfort) to 10 (unbearable discomfort), and were verbally explained that 10 
on the scale corresponds to “the strongest pain they had ever experienced”. They were 
requested to terminate the experiment immediately when the feeling of discomfort 
turns into pain.
As already recognised by researchers, this approach has its weakness of depending 
on the individuals’ previous experiences, which leads to considerable inter-individual 
differences in discomfort rating (Borg 1998). However, due to the complexity of the 
concept of discomfort (Neumann 2001) and its psychophysical nature (Shen and 
Parsons 1997), high subjectivity and large variations were nothing but to be expected. 
To minimise the effect of subjective differences and increase the inter-individual 
comparability of discomfort intensity, the rating of discomfort could be improved by 
normalising the VAS results to individual ratings at PDT. Preliminary trials could also 
help familiarise participants with the apparatus and testing procedure, and asking 
them to describe their worst experience of pain could help them better understand the 
span of the rating scale.
On the other hand, a scale that includes the pre-pain discomfort as well as initial 
and unbearable pain enabled us to verify whether similar physiological laws apply to 
discomfort as they do to pain regarding temporal summation. The findings from Study 
3 confirmed that the perception of discomfort gradually increases with time despite the 
constant loading magnitude. Discomfort intensified to the level of pain in three cases at 
30 kPa and in four cases at 40 kPa. In five cases, the perception of discomfort diminished 
















Figure 74: Example of adaptation to discomfort (Study 3, recording of participant 19).
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11.3. Tissue oxygenation during circumferential compression
During standing and walking, both at the thigh and calf, deep tissue oxygenation 
changes obtained with tonic compression are consistent with findings on supine subjects 
(Kragelj et al. 2000; McLay et al. 2016; Cunniffe et al. 2017; Le Roux-Mallouf et al. 2017; 
Soares et al. 2017; Soares et al. 2017a; Soares et al. 2017b; Bunevicius et al. 2018). Tissue 
oxygenation decreased during cuff inflation, followed by reactive hyperaemia after cuff 
deflation. The studies presented have found brief minor increases in tissue oxygenation 
at the beginning of cuff inflation, which could be ascribed to the compression of the 
NIRS optodes against the skin, and consequent increase in local tissue perfusion as 
described by Bergstrand et al. (2009), or an increase in signal penetration depth.
Oxygen deprivation was better tolerated at the calf than at the thigh, indicating that 
compression applied by wearable devices might be more appropriate at the calf to avoid 
discomfort. Wider cuffs required lower inflation pressures to cause similar decreases 
in tissue oxygenation and elicit pain than narrower cuffs, thus the occurrence of pain 
might be connected to a certain fall in tissue oxygenation. Reactive hyperaemia was 
more pronounced at the thigh and after compression with wider cuffs.
The findings during phasic compression suggest that short (2-second) bouts of 
compression at 0.1/s frequency increase muscle oxygenation during standing and 
walking, and seem to have beneficial effects on tissue perfusion. The haemodynamic 
effects of intermittent pneumatic compression are already utilized in clinical practice 
for prevention of deep vein thrombosis, management of peripheral vascular diseases 
(Kumar and Alexander Walker 2002), acceleration of healing of wounds (Arvesen et 
al. 2017), tendon ruptures (Greve et al. 2012; Abdul Alim et al. 2018) and bone fractures 
(Challis et al. 2007), posttraumatic oedema and pain relief (Airaksinen 1989; Airaksinen 
et al. 1990). However, this type of therapy usually employs lower pressures and slower, 
longer compressions.
The sensitivity of the NIRS system became apparent during walking when moderate 
motion artefacts were recorded in the signal. As only the change in tissue oxygenation 
was of interest in this research, the baseline and end value of StO2 were calculated as 
the mean value over 10 seconds. However, continuous monitoring of absolute values of 
tissue oxygenation during exercise would require a more robust, specialised system.
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11.4. Pneumatic cuff compression as a means of soft exoskeleton simulation
For the purpose of these studies, a custom-made computer controlled pneumatic system 
was used to simulate mechanical loading as applied by soft exoskeletons, especially for 
joint stabilisation. The computer was connected to a stationary air compressor and the 
pneumatic cuff to regulate inflation pressure and cycle timing. Notwithstanding its 
suitability for laboratory experiments, the feasibility of use of this particular device in 
soft exoskeletons has limitations due to (1) the size and weight of its components, and 
(2) its limited capacity to quickly inflate and deflate especially larger cuffs. Particularly 
if used for joint stabilisation, the design of pneumatic cuffs would also need to allow 
for natural joint movement in deflated state, while still providing sufficient assistance 
when inflated.
11.5. Limitations and recommendations for future research
Due to inaccessibility of an actual soft exoskeleton, the research was performed using 
simulated exoskeleton loading. Thus future studies will be required to assess circumferential 
compression as applied by actual soft exoskeletons.
Testing was performed using short durations of compression due to the use of relatively high 
pressures. With the discomfort and pain detection thresholds known, and the understanding 
that discomfort increases with time, experiments of longer durations will be necessary to 
perform without the physical risks to participants. Due to extensive knowledge already 
available on low-pressure tonic compression as applied by compression garments, future 
experiments should also focus on low-pressure, high frequency intermittent compression.
This research focused on mechanical loading of deep tissues that are mostly affected by 
circumferential forces normal to the body surface. However, gait-assistive soft exoskeletons 
often apply forces asymmetrically to the lower limb segments to produce the torque needed 
for joint actuation or immobilisation (Figure 4). As the magnitude of the force necessary 
depends on the location of its application, and the pressure exerted on the tissue at constant 
force increases with the decrease of interface area, it could be argued that an appropriate 
combination of all three needs to be considered for optimal soft exoskeleton design. This 
is especially true for non-circumferential compression as seen in assistance with joint 
movement. Thus, future studies are necessary to gain insight into the effect of different 
combinations of cuff position, size, materials, designs, and possibly other factors (e.g. shear 
forces, temperature and humidity) on the perception of discomfort during joint actuation.
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Finally, as the approaches in this research were rather new, the experiments were 
performed on healthy, young participants in order to avoid possible risks they could pose 
to more vulnerable groups, such as older age adults and patients with neuromuscular 
disorders. On the basis of the findings, further research can now involve different groups 
of potential soft exoskeleton users, adjusting the maximal magnitudes of compression 
to safe levels. Future studies should quantify the interaction forces between the users 
and actual soft exoskeletons for different case scenarios. The benefits of exoskeleton 
use should be assessed in comparison with discomfort intensity, and the possibilities 
of design improvement explored to effectively and safely transmit power from the 
device to the user causing as little discomfort as possible. The results of such studies 
could then help formulate the safety standards to be used in design, and the formal 
procedures for product certification. 
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Appendices
Appendix A: Examples and key technological features of exoskeletons to date
Strength augmentation






Safety rope tied to ceiling to ensure stability
DoF





Linear hydraulic actuator: hip, knee, ankle
Passive actuators: steel springs and 
elastomers
Power
Supply: Diesel engine with 4 l fuel tank
6.9 MPa working pressure
13 % power efficiency
Supports 333 N
4.7 km/h walking speed
2 h working time
Sensing 46 body-motion sensors







Actuation Rotary hydraulic actuators directly at joints
Power
Supply: Lithium-ion battery
Compensatory forces amplified over 10-times
Supports 882 N
5 km/h walking speed
8 h working time
Sensing Sensors in arms, feet and backpack
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HAL-5 - Hybrid Assistive Limb 5 (Dollar and Herr 2008)
Mechanical 
structure





Battery-powered control PCs with wireless LAN 









DC motor: hip, knee
Passive spring actuators: ankle
Power
Supply: Drive charged battery (AC 100 V)
Supports 1568 N
4.5 km/h walking speed
2 h 40 min working time
Sensing
EMG sensors
Angular and FRF sensors for intention 
estimation
Potentiometers and angular sensors at each 
joint for joint angle detection
COP/COG sensors in shoes for ground-reaction 
force detection
HULC - Human Universal Load Carrier (Li et al. 2014)
Mechanical 
structure
Upper limb, torso, thigh, shank, foot support
DoF





Linear hydraulic actuator: hip, knee, ankle, 
upper limb





11 km/h walking speed




Lokomat (Colombo et al. 2000; Grosu et al. 2017)
Mechanical 
structure
Robotic gait orthosis: hip, knee, ankle joint








Actuation Electric motor: hip, knee
Power N/A
Sensing
Position encoders for joint angle sensing
Force-torque sensors: hip, knee
Lopes (Veneman et al. 2007; van Asseldonk et al. 2008)
Mechanical 
structure
Lower limb and pelvis support
Height-adjustable frame to match the user
Perpendicularly placed parallel bars with 
carriages
Pelvis support physically connected to frame
Parallelogram with bearings and weight 
compensation
Hip abduction joint behind user
Motors at the back, connected to robot by 2 
Bowden cables per joint
Treadmill
DoF
3 pelvis: left/right rotation, forward/backward 
and up/down translation
2 hip: flexion/extension, adduction/abduction
1 knee: flexion/extension




Bowden-cable driven series elastic actuators: 
pelvis, hip, knee








Telescopic thigh and shank segment
Shoe insert




3 hip: flexion/extension, abduction/adduction, 
internal/external rotation
1 knee: flexion/extension
2 ankle: pronation/supination, plantar/
dorsiflexion
Weight N/A
Actuation Linear DC motor (100 Nm): hip, knee
Power N/A
Sensing
Position encoders in actuators for joint-angle 
detection
2 force-torque sensors: thigh, shank
Foot switch
Locomotion assistance
Indego (Vanderbilt Exoskeleton) (Quintero et al. 2011)
Mechanical 
structure
Modular design for easy assembly, disassembly 
and transport
Slim profile with no footplates, no bulky 
backpack components

















Mina (Raj et al. 2011)
Mechanical 
structure
Anatomically-shaped rigid back plate, shoulder 
and pelvic straps
Nested aluminium tubing for attachment to 
thigh, leg, and foot
Rigid ankle joint with compliant carbon-fibre 
footplate







4 rotary actuators: Moog BN34-25eu02 
brushless DC motor (80 Nm)
160:1 harmonic drive (SHD-20 from HD 
Systems) gear reduction
Series elastic actuator
Power Supply: via tether
Sensing
Optical rotary encoder for relative motor 
shaft/actuator base position measurement
Linear encoder for relative actuator output/
actuator base position measurement
Rewalk (Talaty et al. 2013)
Mechanical 
structure
Light, wearable, brace-support suit
Sacral band, bilateral thigh and leg uprights
Hinged knee joints
Foot plates
Backpack: Windows-operated computer, 
battery, built-in backup system
Signals sent via wrist-watch type device 
(wireless mode selector)










DC motor: hip, knee
Mechanical spring-assisted joint for ankle 
dorsiflexion
Power
Supply: Rechargable Li-ion battery
0.6 m/s walking velocity
Sensing




Soft Exosuit (Asbeck et al. 2015)
Mechanical 
structure
Waist belt: two 1” polyester webbing straps, 
ripstop nylon fabric, foam pads
Thigh braces
Network of soft, inextensible 2” wide seatbelt 
webbing with triangulated attachment points 
along the leg
Foot straps: 3/4” and 1” nylon webbing
Buckles and Velcro (845 Hook, 3610 Loop) for 
adjustability
Bowden cable (Nokon bicycle brake cable) 





1 ankle: plantar flexion
Weight 10.1 kg
Actuation
DC motor: Maxon EC 4pole 30, 200 W, 24 V
111:1 gearbox, attached to Bowden cable 
Pulley (3.5 cm radius)
Power Supply: backpack-mounted battery
Sensing Foot switch for heel strike detection
Phoenix (‘PHOENIX Medical Exoskeleton’ 2016)
Mechanical 
structure
Lower-body brace, used with crutches
Customizable modular design: hip, knee, ankle
Battery backpack
2 motors at the hips








1.8 km/h walking speed
4 h continuous walking time
Sensing N/A
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Appendix B: Recruitment Advertisement and Email
Participants required for research study
“The relationship between pneumatic cuff inflation pressure, interface pressure and 
discomfort perception at the knee” (Application Reference No. 2019_02_03_S&E)
We are currently recruiting healthy male and female participants to take part in a Ph.D. 
research study examining the relationship between pneumatic cuff inflation pressure, 
interface pressure and discomfort perception at the knee.









Each participant will be required to attend one testing session which will include 
rating of perceived discomfort during pneumatic cuff inflation at the knee during 
standing and walking. Cuff inflation will be performed by a computer-controlled air 
compressor, and the discomfort rating will be continuously recorded via an electronic 
Visual Analogue Scale. The magnitude of compression will not exceed the participants’ 
individual pain thresholds. Simultaneously, interface pressures between the cuff and 




If you would like to take part or would like more information, please contact Tjaša 
Kermavnar at tjasa.kermavnar@ul.ie.
If you have further questions regarding this research, please feel free to get in touch with 
a member of the research team using the details listed in the information sheet attached.
If you have concerns about this study and wish to contact someone 
independent, you may contact: The Chair, Faculty of Science & Engineering 
Research Ethics Committee, University of Limerick, Limerick. Tel: 061 213471 
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Appendix C: Participant Information Sheet
INFORMATION SHEET 
“The relationship between pneumatic cuff inflation pressure, interface pressure and 
discomfort perception at the knee in healthy humans” (Application Reference No. 
2019_02_03_S&E)
You are invited to take part in the research project named above which is being 
conducted by researchers from the University of Limerick.
What is the study about? 
The study aims to find out the relationship between pneumatic cuff inflation pressure, 
interface pressure and discomfort perception at the knee during standing and walking, in 
order to inform the development of a soft robotic gait-assistive device (i.e., exoskeleton).
What do I have to do?
If you decide to participate, you will be asked to:
•	 Contact	the	researchers	to	arrange	an	appointment	at	a	convenient	date	and	time.	
This appointment will take place at the University of Limerick. 
•	 Complete	the	Consent	Form	attached	to	this	information	sheet.
•	 Complete	the	Eligibility	Checklist	attached	to	this	information	sheet,	where	you	will	
indicate by ticking the boxes that you have not had any of the medical conditions 
that would preclude you from taking part in the study.
•	 When	you	attend	the	appointment,	the	experimental	procedure	will	be	presented	to	
you, and you will be asked to complete an interview which asks questions about your 
age, sex, and medical condition. 
•	 You	will	be	asked	to	wear	shorts	for	the	rest	of	the	assessment.
•	 First,	your	anthropometric	measurements	will	be	recorded,	namely:	stature,	body	
mass, and knee circumference.
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•	 Then,	 you	 will	 be	 equipped	 with	 interface-pressure	 sensors	 and	 a	 custom-made	
experimental device.
•	 The	procedure	will	be	performed	during	standing	and	walking	on	a	treadmill	with	a	
pneumatic cuff at the knee. The cuff will be inflated using different patterns of inflation.
•	 The	maximum	pressure	of	cuff	inflation	will	be	60	kPa.
•	 You	will	be	asked	to	continuously	rate	your	discomfort	during	the	inflation.	You	will	
be able to stop the inflation at any stage by pressing the emergency “stop” button.
•	 Testing	will	be	complete	once	the	recordings	with	all	inflation	patterns	have	been	
performed. 
How long will it take?
Taking part involves one appointment only, which is expected to last approximately 
60-90 minutes. 
Who else is taking part?
Approximately 24 healthy adults. 
What are the benefits/risks?
There are no known potential benefits or risks to participating in this study. 
What if I do not want to take part?
Participation in this research study is entirely your choice. Only people who give 
informed consent to participate will be included. If you decide not to participate, your 
relationship with the University will not be affected in any way. 
What if I change my mind during the study?
You may choose not to participate in aspects of the study as you see fit. You may 
withdraw from the study at any time without giving a reason, and you have the option 
to withdraw any information you have provided. 
What happens to the information? 
Information obtained from you will be stored anonymously using an identification 
code and will only be accessed by the researchers involved in the study. Information 
will be securely stored by the researchers in a locked cabinet or in a password-protected 
computer file accessible only by the researchers, for a period of seven years, after which 
it will be destroyed. Individual participants will not be identifiable in any reports or 
publications arising from the project.
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If you have further questions regarding this research please feel free to get in touch 
with a member of the research team using the details listed below.
If you have concerns about this study and wish to contact someone 
independent, you may contact: The Chair, Faculty of Science & Engineering 




Design Factors Research Group, 








Tel: +353 (0)61 234249 
E-mail: Leonard.OSullivan@ul.ie
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Appendix D: Consent Form
CONSENT FORM 
I, the undersigned, declare that I am willing to take part in research for the project 
entitled “The relationship between pneumatic cuff inflation pressure, interface pressure 
and discomfort perception at the knee in healthy humans”. (Application Reference No. 
2019_02_03_S&E)
•	 I	declare	that	I	have	been	fully	briefed	on	the	nature	of	this	study	and	my	role	in	it	
and have been given the opportunity to ask questions before agreeing to participate. 
•	 The	nature	of	my	participation	has	been	explained	to	me	and	I	have	full	knowledge	
of how the information collected will be used.
•	 I	fully	understand	that	there	is	no	obligation	on	me	to	participate	in	this	study.
•	 I	fully	understand	that	I	am	free	to	withdraw	my	participation	at	any	time	without	




Signature of participant Date
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Appendix E: Eligibility Checklist
ELIGIBILITY CHECKLIST
I, the undersigned, declare that I have complete understanding of the exclusion criteria 
for the project entitled “The relationship between pneumatic cuff inflation pressure, 
interface pressure and discomfort perception at the knee in healthy humans”. 
(Application Reference No. 2019_02_03_S&E)
I declare that I have had NO:
 Recent acute or chronic pain
 Recent trauma or surgery
 Recent tendonitis, muscle weakness or muscle atrophy
 Recent joint pain or loss of motion in a joint
 Carpal tunnel syndrome, cubital tunnel syndrome or other nerve compression 
syndrome
 Osteoarthritis, rheumatoid arthritis, fibromyalgia, lupus, ankylosing spondylitis, 
psoriatic arthritis, gout, polymyalgia rheumatica or other rheumatic disorder
 Epilepsy, Alzheimer’s disease or other dementias, cerebrovascular disease, 
multiple sclerosis, Parkinson’s disease, brain tumour, or other central neuropathy
 Traumatic disorders of the nervous system at the lower limb, neurological 
disorders as a result of malnutrition or other peripheral neuropathy
 Heart attack, heart failure, coronary artery disease or other cardiogenic disorder
 Transient ischemic attack, ischemic or haemorrhagic stroke, or other 
cerebrovascular disease
 Abnormal blood pressure, atherosclerosis, peripheral aneurysm, popliteal artery 
entrapment syndrome, Buerger’s disease, vasculitis or other peripheral arterial disease
 Varicose veins, venous thromboembolism, deep vein thrombosis, chronic venous 
insufficiency, vasculitis or other peripheral venous disease
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 Marfan syndrome, Ehlers-Danlos syndrome, osteogenesis imperfecta or other 
connective tissue disorder
 Dermatitis, eczema, haemangioma, psoriasis, cellulitis, lymphedema or other 
skin disorder at the lower limb
 Asthma, chronic obstructive pulmonary disease, acute or chronic bronchitis, 
emphysema, cystic fibrosis, pneumoconiosis, tuberculosis or other pulmonary disease
 Osteoporosis, diabetes mellitus, Graves’ disease, Hashimoto’s thyroiditis, 
De Quervain’s thyroiditis, Addison’s Disease, Cushing’s syndrome or other 
endocrine disorder
 Use of medications that could influence the musculoskeletal, circulatory, 
pulmonary or hormonal system
I declare that I have indicated by ticking the boxes above that I have not had any of the 
medical conditions that would preclude me from taking part in the study.
 
Signature of participant Date
